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FOREWORD

The U.S. Geological Survey (USGS) is committed to providing the Nation with credible scientific information that helps
to enhance and protect the overall quality of life and that facilitates effective management of water, biological, energy,
and mineral resources (http://www.usgs.gov/). Information on the Nation's water resources is critical to ensuring long-
term availability of water that is safe for drinking and recreation and is suitable for industry, irrigation, and fish and
wildlife. Population growth and increasing demands for water make the availability of that water, now measured in
terms of quantity and quality, even more essential to the long-term sustainability of our communities and ecosystems.

The USGS implemented the National Water-Quality Assessment (NAWQA) Program in 1991 to support national,
regional, State, and local information needs and decisions related to water-quality management and policy
(http://water.usgs.gov/nawga). The NAWQA Program is designed to answer: What is the condition of our Nation's
streams and ground water? How are conditions changing over time? How do natural features and human activities
affect the quality of streams and ground water, and where are those effects most pronounced? By combining
information on water chemistry, physical characteristics, stream habitat, and aquatic life, the NAWQA Program aims to
provide science-based insights for current and emerging water issues and priorities. From 1991-2001, the NAWQA
Program completed interdisciplinary assessments and established a baseline understanding of water-quality conditions
in 51 of the Nation’s river basins and aquifers, referred to as Study Units

(http://water.usgs.gov/nawga/studyu.html).

In the second decade of the Program (2001-2012), a major focus is on regional assessments of water-quality conditions
and trends. These regional assessments are based on major river basins and principal aquifers, which encompass larger
regions of the country than the Study Units. Regional assessments extend the findings in the Study Units by filling
critical gaps in characterizing the quality of surface water and ground water, and by determining status and trends at
sites that have been consistently monitored for more than a decade. In addition, the regional assessments continue to
build an understanding of how natural features and human activities affect water quality. Many of the regional
assessments employ modeling and other scientific tools, developed on the basis of data collected at individual sites, to
help extend knowledge of water quality to unmonitored, yet comparable areas within the regions. The models thereby
enhance the value of our existing data and our understanding of the hydrologic system. In addition, the models are
useful in evaluating various resource-management scenarios and in predicting how our actions, such as reducing or
managing nonpoint and point sources of contamination, land conversion, and altering flow and (or) pumping regimes,
are likely to affect water conditions within a region.

Other activities planned during the second decade include continuing national syntheses of information on pesticides,
volatile organic compounds (VOCs), nutrients, selected trace elements, and aquatic ecology; and continuing national
topical studies on the fate of agricultural chemicals, effects of urbanization on stream ecosystems, bioaccumulation of
mercury in stream ecosystems, effects of nutrient enrichment on stream ecosystems, and transport of contaminants to
public-supply wells.

The USGS aims to disseminate credible, timely, and relevant science information to address practical and effective
water-resource management and strategies that protect and restore water quality. We hope this NAWQA publication
will provide you with insights and information to meet your needs, and will foster increased citizen awareness and
involvement in the protection and restoration of our Nation's waters.

The USGS recognizes that a national assessment by a single program cannot address all water-resource issues of
interest. External coordination at all levels is critical for cost-effective management, regulation, and conservation of our
Nation’s water resources, The NAWQA Program, therefore, depends on advice and information from other
agencies—TFederal, State, regional, interstate, Tribal, and local—as well as nongovernmental organizations, industry,
academia, and other stakeholder groups. Your assistance and suggestions are greatly appreciated.

Robert M. Hirsch
Associate Director for Water
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Ground-Water Quality in Unmined Areas and Near Reclaimed
Surface Coal Mines in the Northern and Central Appalachian
Coal Regions, Pennsylvania and West Virginia

by Steven D. McAuley and Mark D. Kozar

Abstract

Findings are presented from investigations during 1996-
1998 by the U.S. Geological Survey National Water-Quality
Assessment Program. Ground-water quality in 58 wells down-
gradient of reclaimed surface coal minesis compared to
ground-water quality from 25 wells in unmined areas (back-
ground concentrations) in the bituminous coal fields of the
northern Appalachian coal region (high-sulfur coal region) in
Pennsylvania, Maryland, and West Virginia and the central
Appalachian coal region (low-sulfur coal region) in West Vir-
ginia. Ground water in the mined high-sulfur coal region has
significantly greater median concentrationsof sulfate, hardness,
calcium, and specific conductance compared to the unmined
high-sulfur coal region and to both mined and unmined areasin
the low-sulfur coal region. Ground water in mined areas had
median values of mine-drainage constituents (sulfate, iron,
manganese, aluminum, hardness, calcium, magnesium, turbid-
ity, and specific conductance) that were significantly greater
than medians for wellsin unmined areas. Mine-drainage con-
stituents include cations such as calcium and magnesium that
become elevated compared to levelsin unmined areas because
of exposure of acidic mine drainage to calcareous materials.
The transport of pyrite-oxidation products from the mined site
and subsequent neutralization reactions by calcareous materials
at the mine site or along the flow path are likely processes that
result in greater concentrations of mine-drainage constituentsin
mined areas compared to unmined areas. Mine-drainage con-
stituents generally exceeded unmined-area background concen-
trations within about 500 feet of mined sites but were at or
below background levelsin wells more than 1,000 feet down-
gradient of mined sites. Concentrations of sulfate, hardness, and
total dissolved solids were greatest at well depths of 50 to
150 feet but generally were less than background concentra-
tionsin wells deeper than 150 feet. Concentrations of iron, man-
ganese, and aluminum exceeded background concentrationsin
many wells less than 150 feet deep.

In mined areas, median ground-water ages are nearly as
oldin hill locations asin valley locations. Older ground-water
age correlates with increased distance from mined areas. The
lack of significant correlation among mine-drainage-constitu-

ent concentrations, ground-water age, distance from mined
areas, and topographic locations may be the result of factors
such as (1) mixing of ground-water ages in wells open to frac-
tures with variable depths, lengths, and interconnections;

(2) disturbance of rock from blasting; and (3) variationsin slope
and terrain relief in the study area.

Introduction

The overall goal of the U.S. Geological Survey (USGS)
National Water-Quality Assessment (NAWQA) Program isto
describe the status and trendsin the quality of the ground-water
and surface-water resources of the United States and to link
these trends to an understanding of the natural and human fac-
tors that affect the quality of these resources (Gilliom and oth-
ers, 1995). The NAWQA Program integrates water-quality
information on both a national and alocal scale. Major compo-
nents of the ground-water portion of the program are to
1) assess the quality of ground water in major ground-water
regions throughout the United States and 2) determine the fac-
tors that affect the quality of water in these aquifer systems.
Thisgoal isachieved primarily by conducting surveysto assess
the occurrence and distribution of water-quality constituents
within an aquifer and to link datacollected as part of the surveys
to the natural and human factorsthat affect the quality of water
withintheaquifer. A study of ground-water quality near surface
coal mines provides data on the effects of mines on ground-
water quality.

Sulfur, iron, and manganese are sometimes present in high
levelsin coal, coal overburden, and rock that underliesthe coal
(Brady, 1998). Coal-mine drainage can be acidic or alkaline.
Oxidation of iron-disulfide minerals, such as pyrite (FeS),
occurs when the coal and overburden are exposed to oxygen
and moisture, resulting inincreased levels of sulfuric acid, iron,
manganese, and aluminum in ground water. Pyrite oxidation is
the principal mechanism for the formation of acidic minedrain-
age (AMD), in which acidity exceeds alkalinity. Neutral or
alkaline mine drainage has alkalinity that equals or exceeds
acidity but can till have elevated concentrations of sulfate,
iron, and manganese. Because sulfateis conservative in chemi-
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cal reactions and not normally targeted for removal by treat-
ment, it isgenerally expected to perseverein mined areas (Rose
and Cravotta, 1998).

Surface coal mines (surface mines) have had major effects
on the quality of shallow ground water, especially with respect
to iron, manganese, sulfate, and turbidity levels (Rauch, 1987;
Williams and McElroy, 1995). The effects of blasting during
surface mining also can have negative effects on ground-water
supplies by causing turbidity levelsin wellsto increase and by
causing aloss of water to wells and springs (McCurry and
Rauch, 1986). Other problems commonly reported asaresult of
surface mining include changes in ground-water quality dueto
increased levels of methane and (or) hydrogen sulfide gas.
These problems are significant because the vast majority of
rural homeownersin the study area obtain their water from
ground-water sources. |n some instances, the effects of mining
on ground water have caused rural homeowners to abandon
their wellsor springs, to purchase bottled water, or to haul water
from other locations.

In 1977, Congress passed the Surface Mining Control and
Reclamation Act (SMCRA). Some provisions of SMCRA
include (1) regrading benches formed during the mining pro-
cessto approximateoriginal contour of theland prior to mining;
(2) installing sedimentation ponds prior to and during mining to
reduce sediment loads to receiving streams; (3) revegetating
reclaimed strip benches upon completion of mining; (4) stabi-
lizing and protecting surfaced-mined areasincluding spoil piles
to control erosion and reduce the potential for surface and
ground-water contamination; and (5) managing debris, toxic or
acid-forming materials by burying, compacting, or disposing of
the material in such a manner so as to prevent ground- or sur-
face-water contamination (U.S. Office of Surface Mining Rec-
lamation and Enforcement, 1993). In concept, changesin min-
ing practice as aresult of SMCRA should result in an
improvement in surface- and ground-water quality.

In the Pennsylvania Code, Title 25, Subsection 87.102,
regulations require monitoring of surface-mine sites during
mining and, in some cases, after reclamation. The monitoringis
normally focused on mine-drainage discharges to streams and
springs. Regulations for mine drainage from surface minesin
Pennsylvania are complex and exact limitations vary based on
weather conditions (“dry” weather compared to 10-year, 24-
hour precipitation events aslisted in the Pennsylvania Code)
and time period over which the limitations apply (30-day aver-
age, daily maximum, or instantaneous maximum) (Common-
wealth of Pennsylvania, 2004). However, the most stringent
limitation isthat under “dry” weather conditions, the 30-day
average effluent concentrations cannot exceed 3.0 mg/L for
total iron, 2.0 mg/L for total manganese, and 35 mg/L for sus-
pended solids, pH must be in the range of 6.0 to 9.0, and alka-
linity must be greater than acidity.

In the Pennsylvania Code, Title 25, Subsection 87.116,
regulations also state that ground-water quality, levels, infiltra-
tion rates, subsurfaceflows, and storage characteristicsareto be
monitored in a manner approved by the Pennsylvania Depart-
ment of Environmental Protection (PaDEP) to determineeffects

of surface-mining activities on the quality and quantity of
ground water, as well as on recharge capacity on reclaimed
land, in the permitted mining area and adjacent areas (Com-
monwealth of Pennsylvania, 2004). The adjacent areas that are
monitored usually are decided on a case-by-case basis. Several
constituents are to be monitored for changes and must include
specific conductance or total dissolved solids, pH, alkalinity,
acidity, total iron, total manganese, sulfate, and water levels,
but exact limitations for the constituents are not given in the
regulations (Commonwealth of Pennsylvania, 2004). The limi-
tations would have to be at least as stringent asthe U.S. Envi-
ronmental Protection Agency (USEPA) drinking-water stan-
dards (U.S. Environmental Protection Agency, 2004) if the
affected aquifer or stream or spring were a source for a public
water supply. However, in most cases, residents near surface
minesuse awell or spring for private domestic supply and these
are not regul ated.

Within the State of West Virginia, discharge of mine-
related contaminants is governed by separate sets of regula-
tions. For effluent discharged directly from pipes and other
point sources, such as those commonly found draining tailings
or treatment ponds, effluent concentrations are regulated by
antidegradation standards established as part of recently
enacted legidlation (West Virginia Code 22-11-7b, Title 60 -
Series 5, Antidegradation |mplementation Procedures, estab-
lished in 2001 [West Virginia Department of Environmental
Protection, 2002]). Prior in-stream water-quality standards also
apply and are designed to protect human health and animals,
birds, fish, and other aguatic organismsand plant life. In-stream
water-quality standards apply more to nonpoint sources of con-
tamination and are governed by West Virginia Code 22-11-2,
Title 46 - Series 1, Requirements Governing Water-Quality
Standards (West VirginiaEnvironmental Quality Board, 2005).
The water-quality standards and the antidegradation standards
vary depending on (1) drainage basin (stream) location and
state-designated level of protection, and (2) conditions of
weather, type of surface-water body, and time period over
which standards apply. In general, the West Virginiain-stream
standard for pH issimilar to Pennsylvania (must bein 6.0t0 9.0
range), theiron maximumis 1.5 mg/L, and the manganese max-
imum is 1.0 mg/L. For ground-water quality in mining areas, a
plan to monitor changes to ground-water baseline quality is
required during mining operations and these regulations are
described in the West Virginia Code 22-1-3, Title 38 - Series 3
(West Virginia Department of Environmental Protection,
2001).

Although the regulations state that contamination of
ground-water quality isto be prevented, few studies (Rose and
Cravotta, 1998; Williams and McElroy, 1995; McElroy, 1988;
Friel and others, 1967; are examples) have examined whether
ground water has been affected by surface coal mining near sur-
face mining sites that have been reclaimed. Specifically, it has
not been previously determined whether constituents that are
indicative of mine drainage are present at concentrationsgreater
than those for ground-water quality observed in unmined areas
of the bituminous coal mining region of Pennsylvaniaand West



Virginia. Rose and Cravotta (1998) showed that in unmined
areas, spring water and ground water typically were slightly
acidic and contained much lower concentrations of dissolved
solutes than water from mined areas. In mined areas, ground
water ranged from alkaline to acidic and included elevated con-
centrations of sulfate, iron, manganese, and aluminum. In a
study of water resources of Indiana County, Pa. (Williams and
McElroy, 1995), ground water from the heavily mined geologic
strata had higher median concentrations of iron, manganese,
hardness, and total dissolved solids compared to that from the
sparsely mined geologic strata. McElroy (1988), in a study of
the ground-water resources of Fayette County, Pa., reported that
wells near mining areas had statistically higher concentrations
of sulfate, magnesium, and total dissolved solidsthan wellsthat
did not penetrate a coal seam and that were more than 0.25 mi
from mining sites. Friel and others (1967, p. 108) indicated that
in the Monongahela Basin of West Virginia, median sulfate
concentrations were greater in ground water from coal-bearing
aquifers of Pennsylvanian age than from those aquifers that
were in non-coal-bearing strata of Mississippian age. Ground
water circulating through mined areas had increased acidity,
total dissolved solids, and hardness, and often had dissolved
metals carried in solution.

Purpose and Scope

This report summarizes major findings of a study of
ground-water quality in surface coal-mining land-use aress.
Thisstudy was conducted by the Kanawha-New River (KANA)
NAWQA Program in the central Appalachian coal region of
southern West Virginia (referred to as the low-sulfur coal
region) and by the Allegheny-Monongahela River (ALMN)
NAWQA Program in the northern Appal achian coal regionin
northern West Virginia, western Maryland, and southwestern
Pennsylvania(referred to asthe high-sulfur coal region) (fig. 1).
The primary objective of the study wasto compare and contrast
ground-water quality from domestic-supply wells near
reclaimed surface mines with water quality from equivalent
wellsin unmined areas. The report summarizes the (1) quality
of ground water from unmined aresas, (2) quality of water from
aquifersimmediately downgradient of reclaimed surface coal
mines, (3) differencein quality of ground water from mined and
unmined regions, (4) spatial extent of mine-drainage constitu-
ents in ground water from wells near reclaimed surface coal
mines, (5) difference in quality of ground water between the
high-sulfur and low-sulfur coal regions (in mined and unmined
areas), and (6) differencein apparent age of ground water from
mined and unmined areas and relation between apparent age
and water quality in mined areas. Thetarget population for sites
to be sampled as part of this study was private wells (less than
about 250 ft deep) downgradient (within about 2,000 ft) of sur-
face mines that had been reclaimed (bond released) during
1985-1996. In 1997 to 1998, 58 such wellswere sampled as part
of this study, including 30 in the high-sulfur coal region and 28
in the low-sulfur coal region. In 1996 to 1998, 25 additional
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wellsin unmined areas were sampled for comparison. All data
used in this study were collected as part of the NAWQA Pro-
gram. Data from previous studies were not used.

Description of the Study Area

Thisinvestigation considers ground-water resourcesin
two adjoining drainage basins (fig. 1) of the Appalachian Pla-
teaus Physiographic Province in New Y ork, Pennsylvania,
Maryland, West Virginia, Virginia, and North Carolina. The
Appalachian Plateaus study area consists of rugged, deeply
incised hilly terrain with uplifted plateaus capped by resistant
layers of relatively flat-lying sandstone and shale (Fenneman,
1938; Fenneman and Johnson, 1946; U.S. Geological Survey,
1970). Geologic nomenclature used in thisreport is that of the
Pennsylvania Topographic and Geologic Survey and the West
Virginia Geological and Economic Survey. The study areais
underlain by gently dipping, relatively flat lying, slightly folded
sandstone, siltstone, shale, limestone, and coal of Devonian,
Mississippian, Pennsylvanian, and Permian ages (fig. 1).
Approximately 80 mineable coal seams arein the study area
(Keystone Coal Industry Manual, 1994). The drainage basin in
the northern part of the study areais the 8,778-mi? Allegheny-
Monongahela River Basin in northern West Virginia, western
Pennsylvania, and western Maryland. The basin iswithin the
“northern Appalachian coal region” or the “high-sulfur coal
region.” Many researchers (Cecil and others, 1985; Donaldson
and others, 1985; Maksimovic and Mowrey, 1993; Tully,
19963, 1996b) have found that the bituminous coal, overburden
rock, and underlying rock in much of the northern Appalachian
coal region of western Pennsylvania and northern West Vir-
giniageneraly has a high sulfur content. Cecil and others
(1985) indicatesthat the high-sulfur coals are the group of coals
with amedian sulfur content greater than 1.0 percent in the
northern Appalachian coal region. Tully (1996a) characterizes
the sulfur content as greater than 1.5 percent. The drainage
basin in the southern part of the study areaisthe 4,395-mi?
Kanawha—New River Basin of southern West Virginia. Most of
the southern basin is within the “ central Appalachian coal
region” or the“low-sulfur coal region.” Cecil and others (1985)
indicate that the low-sulfur coals are the group of coals with
median sulfur content of less than 1.0 percent in the central
Appalachian coal region. Tully (1996a) characterizesthe sulfur
content as less than 1.5 percent. Some of the northwestern
Kanawha-New River drainage basin is within the high-sulfur
coal region. In West Virginia, the high-sulfur and low-sulfur
coal regions commonly are referred to as the northern and
southern coal fields, respectively.

The differencesin coal (and adjacent rock) sulfur content
are due to depositional environments. The older rocks received
more paleo-rainfall and paleo-recharge and thus the sulfur con-
tent was diluted compared to the younger rocks formed in a
drier paleoclimate with higher ash, nutrient, and dissolved sol-
ids content that combineto result in higher sulfur content (Cecil
and others, 1985). The younger rocks were deposited in marine
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environments that had higher contents of sulfur and calcium
carbonate. In contrast, the older rocksformed in areasthat were
marginally brackish, and so had lower content of sulfur and cal-
cium carbonate. However, within most of the rocks of both
ages, there are formations that represent marine, brackish, and
marginally brackish paleoenvironments and each of these has
high and low sulfur contents.

Cecil and others (1985) have indicated that the dividing
line between the high-sulfur coal region and the low-sulfur coal
region lies generally along the contact between the younger
Pennsylvanian-aged rocks of the Allegheny, Conemaugh, and
Monongahela Groups and the older Pennsylvanian-aged rocks
of the Pottsville Group (Kanawha, New River, and Pocahontas
Formations of West Virginia) in southern West Virginia
(fig. 1). Thedividing line between the high-sulfur coal region
and the low-sulfur coal region commonly isreferred to asthe
“hingeline.” The*hingeline” isthe same asthe divide between
the northern and central Appalachian coa basins shown in fig-
ure 1.

Average annual precipitationisabout 42 in. for the central
and northern Appalachian coal regions, athough it is distrib-
uted unevenly with respect to topography and climatological
regions (Nationa Oceanic and Atmospheric Administration,
19973, 1997b). Areas at higher elevations typically receive
higher average amounts of precipitation than areas at lower ele-
vations. Surface water isthe principal source of water used in
the region, accounting for 92 percent (2,340 Mgal/d) of al
freshwater withdrawals (Pennsylvania and West Virginia
Departments of Environmental Protection, written commun.,
2000). Ground water accounts for only 8 percent (193 Mgal/d)
of freshwater withdrawals. However, 12 percent of all water
used for public water supply (51.9 Mgal/d) and 99.8 percent of
self-supplied water used by rural homeowners (45.1 Mgal/d) is
obtained from ground water. Land cover for the mining areais
dominated by forested, agricultural, and rural residential uses
(U.S. Geological Survey, 1992).

Geohydrologic Framework and Ground-Water Flow

The generalized hydrogeol ogic framework of the study
areais based on regional topography, stratigraphy, and struc-
ture, with upland plateaus formed by resistant clastic rocks and
valleysdevelopedin zones of structural weakness. Structurally,
therocksin the Appalachian Plateaus study areaare nearly flat
to gently folded and commonly fractured. Pennsylvanian-age
clastic rocks form the predominant outcropping unitsin the
uplands and valley walls of southern and central West Virginia
(Cardwell and others, 1968). Pennsylvanian and Permian strati-
graphic units consist of sandstone, conglomerate, siltstone,
shale, and coal, with local beds of limestone and dolomite.
Where these bedrock units are not exposed at land surface, they
commonly are overlain by arelatively thin layer of regolith or
alluvium and, in northwestern Pennsylvania, by areally
restricted, unconsolidated deposits of glacial origin (Berg and
others, 1980).
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Ground-water flow pathsarerelatively short and limited to
two principal types of aguifer systems: (1) unconsolidated allu-
vial aguifersmade up of sand, silt, clay, and gravel; and (2) frac-
tured-bedrock aquifers made up of sedimentary and carbonate
rocks (Puente, 1985). Because they tend to be shallow and thin,
the alluvial aguifers present within the study areatypically are
not used as water supplies but can combine with soil and
regolith to provide shallow storage for recent recharge. Frac-
tured-bedrock aquifers are the primary aquifers in the study
area. Locally, regolith, where alluvium is not present, is com-
monly thin with low permeability, providinglittle ground-water
storage. Ground-water storage and flow in bedrock occurs
through joints, fractures, and bedding-plane separations (Kozar
and Mathes, 2001, p. 11). In the study area, secondary perme-
ability dueto jointing and stress-rel ease fracturing accountsfor
most of the porosity and permeability in the bedrock, because
original intergranular porosity commonly has been filled by cal-
cium carbonate or silica cementation (Wyrick and Borchers,
1981).

Recharge to fractured-bedrock aquifersin the region
occurs primarily as rainfall; snowmelt is only an important
source of rechargein areas at elevations above 3,000 ft. Once
precipitation falls on the surface, that part that does not run off
to streams percol atesinto and through shallow soilsand regolith
and eventually rechargesfractured-bedrock or alluvial aquifers.

A decrease in hydraulic conductivity with depth has been
documented by several researchers. For aminesitein West Vir-
ginia, average hydraulic conductivity of an aquifer decreased
from 10" m/sec at a depth of 150 ft to 102 m/sec at depths
greater than 300 ft (Bruhn, 1985). For asitein Greene County,
Pa., hydraulic conductivity decreased by an order of magnitude
per 100 ft of depth to adepth of approximately 500 ft (Stoner,
1982). According to Callaghan and others (1998), the vast
majority of ground-water circulation occurs at moderate depths
of less than 300 ft.

In the Appalachian Plateaus, local fractured-bedrock aqui-
fers generally of less than 5.0 mi? in area are defined by topo-
graphic valleys and boundary ridges. Each small valley may
contain alocally distinct aguifer from which ground water dis-
chargesto anearby stream or to deeper subregional or regional
aquifers. The ridges surrounding the valley define the lateral
boundaries of the local aquifer and its principal recharge area.
Subregional aquifers (generally from 100 to 500 ft below land
surface) occur at intermediate depths between the shallow local
aquifer (lessthan 100 ft below land surface) and deeper
regional aquifers. Subregional aquifers are larger than local
aquifers and may include several smaller local aquifers. Dis-
charge of ground water from subregional aquifersis primarily
to tributary streams with drainage areas typically much larger
than 5.0 mi2. A small component of recharge to these aquifers
isfrom deeper regional aquifers. These intermediate aquifers
can extend beneath local topographic divides and discharge to
regional aquifers. Depth to saline water (brines) has been used
to infer the depth of regional aquifers (Callaghan and others,
1998). Inthe study area, the depth to brackish water rangesfrom
amaximum in excess of 2,000 ft near the southern part of the
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study areain West Virginiaand to a minimum of lessthan 50 ft
in the northwestern part of the study areain Pennsylvania (Fos-
ter, 1980). Regional aquifers may contain saline or brackish
water and typically discharge to large rivers.

Within the local agquifers, ground water typically flows
from hilltops to valleys, perpendicular to local tributary
streams, through an intricate network of stress-relief fractures
and interconnected bedding-plane separations, commonly in a
stair-step pattern (fig. 2) (Harlow and LeCain, 1993). Vertical
hydraulic conductivity can be negligible, resulting in horizontal
ground-water flow (especially within coal seams) that dis-
charges as springs or seepsin hillsides and valleys (Harlow and
LeCain, 1993). A small proportion of the ground water flows
deeper within the central core of the mountain or ridge, espe-
cialy within coal seams and along bedding-plane separations,
and likely reaches the valley to discharge locally to surface

water or it may recharge subregional and regional aquifers.
Ground-water flow invalleysoccurs primarily in bedding-plane
separations beneath valley floors and in vertical and horizontal
slump fractures along valley walls (Wyrick and Borchers,
1981). Enhanced permeability of bedrock in valleys may result
in ground-water flow parallel to and beneath local tributary
streams before ultimately discharging to surface-water bodies.

The age of water in the subregional aquifer systems of the
study areais not well documented. Based on ages of water in
deeper wells sampled in West Virginia (Kozar, 1998), subre-
gional ground water is at least 57 years old but may be much
older, perhapseven centuriesold. Deep salinebrinesin regional
aquifers may be thousands of years old.

Surface coal mines can substantially change surface-water
and ground-water flow patterns by altering recharge aress,
recharge rates, and the porosity and permeability of aquifers.
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Figure 2. Conceptual model of ground-water flow in a fractured-bedrock aquifer in the Appalachian
Plateaus, including apparent age of ground water (modified from Wyrick and Borchers, fig. 3.2-1, 1981 and
Kozar, 1998). [Ground-water-age data presented in this figure are typical of ground water in the central
Appalachian coal region but should not be considered characteristic of ground-water age in the northern

Appalachian coal region.]



Surface coal mines can be reclaimed to mimic the original con-
tours of theland surface before mining (surface contour-surface
mines). Ground-water flow in and through reclaimed contour-
surface mines depends on many factors including the dip of
bedrock at amine, the composition and permeability of material
within spoil, the age of spail, and engineering controls such as
ditches, terraces, sediment retention basins, ponds, and flumes
or chutes. Each reclaimed surface mine hasits own local
ground- and surface-water flow system. There are, however,
aspects common to most reclaimed contour-surface mines
(Hawkins, 1998a, 1998h).

Typically, ground water will pool at the base of the sur-
face-mine bench. Recharge to the ground water at a mine can
originate as surface drainage through spoil and unmined areas
upgradient of the backfilled contour bench (Hawkins, 1998a).
If the coal seam dipsaway from the highwall, there may belittle
water stored within the spoil because ground water will freely
flow down-dip through spoil. Where a coal seam dips towards
ahighwall, however, ground water commonly will accumulate
and flow laterally along the base of the highwall until emerging
to the surface as springs or seeps. Water emerging in seeps and
springs may be conveyed away from a reclaimed contour-sur-
face mine by ditches or drains to a nearby tributary stream and
may be lost as a potential source of recharge. Mine spoil typi-
cally exhibitsdual porosity, especially when morethan onetype
of bedrock makes up the spoil (for example, sandstone, which
usually consists of coarse-grained deposits such assand, gravel,
and boulders, and shale, which typically consists of fine-
grained deposits within the spail). Even where only one type of
bedrock (for example, sandstone) is present within the spoil,
differential settling of coarser-grained deposits (boulders and
cobbles) istypical at the base of a cast spoil pile with finer-
grained deposits (sand, dust, and gravel) near the surface during
the backfilling process. Ground-water flow within the spail is
therefore highly variable because of interspersed fine- and
coarse-grained deposits within the backfill.

Methods

Although a comparison of ground-water quality in mined
areas or mined strata to sparsely mined areas or strata has been
studied by other researchers as previously mentioned, this study
collected data to examine ground-water quality in unmined
areas and areas downgradient of only reclaimed surface coal
mines. During June 1997-September 1998, ground water was
sampled from 58 wells downgradient from reclaimed surface
mines. In the low-sulfur coal region, 28 wells were sampled,
and in the high-sulfur coal region, 30 wells were sampled
(fig. 1). The wells sampled (Ward and others, 1998, 1999; Coll
and Siwicki, 1997, 1999) are considered to bein the low-sulfur
coal regionif they arewithinthe outcrop areaof the Pocahontas,
Kanawha, or New River Formation. All others are in the high-
sulfur coal region. All wells were sampled using parts per bil-
lion, clean-hands protocols devel oped by the USGS NAWQA
Program (K oterba and others, 1995). The downgradient wells
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were generally within about 2,000 ft from reclaimed surface
mines, which were generally contour strip mines whose bond
had been released during 1985 to 1996. The 2- to 12-year bond-
release criteriawere selected because 2 years generally is con-
sidered to be the minimum time required for ground water to
return to steady-state equilibrium after the reclamation process
has been completed and 1985 was considered to be the year
when provisionsof SMCRA werefully implemented within the
study area. Two of the downgradient wells were further than
2,000 ft from amine. Shallow wells, generally less than 250 ft
in depth, were also selected for sampling. In concept, the shal-
low, private, domestic supply wellswill be more representative
than the deeper wellsin terms of intercepting recharge infiltrat-
ing from upgradient land surface, thus reflecting effects of the
targeted land use (surface mining) on ground-water quality.

A few wells were deeper than 250 ft. To identify position rela-
tive to mines, the principal direction of ground-water flow is
assumed to coincide with the topographic gradient.

During July 1996 through September 1998, ground water
also was sampled from 25 wellsin areas that had not been
mined, to serve as reference sites to the wells sampled near
mines. Determination of alack of coal mining for the wellsin
the unmined areas was made by examination of land-use geo-
graphic information system (Gl S) coverages and by conducting
well-owner interviews. In addition, a search was conducted for
mining permit records near and upgradient of wells selected for
sampling. The wellsin unmined areas are in flow systemsin
fractured rock that are similar to the wells sampled near mines.
Twenty of the wells sampled in unmined areas are in the high-
sulfur coal region and 5 wells are in the low-sulfur coal region.
Of the 25 reference sites sampled, 10 were within the Kanawha
New River Basin and 15 were in the Allegheny-Monongahela
River Basin. Hereafter, theterm “unmined” will be used instead
of “reference.”

The water samples from wells were analyzed for abroad
range of constituents. Mine-drainage-related constituents
included sulfate, pH, alkalinity, acidity, iron, manganese, alu-
minum, hardness, calcium, magnesium, specific conductance,
total dissolved solids, and turbidity. Other constituents col-
lected included physical field measurements (temperature and
dissolved oxygen), other common ions (cal cium, magnesium,
sodium, and chloride), other trace metals, nutrients, dissolved
organic carbon (DOC), dissolved gases, chlorofluorocarbons
(CFCs), and radon. Calcium and magnesium are included with
mine-drainage constituents in this report because the levels
commonly are elevated because of alkaline treatment at mine
sites. Bacteria samples were collected from the 28 wells sam-
pled in the low-sulfur coal region but were not collected from
the 30 wells sampled in the high-sulfur coal region. The wells
sampled in the high-sulfur coal region were sampled for
selected volatile organic compounds (V OCs) but wells sampled
in the low-sulfur coal region were not because VOCs were not
normally examined in mining-area studies in southern West
Virginia. All samples, except CFCs and field measurements,
were analyzed at the USGS National Water Quality L aboratory
(NWQL). Results of al laboratory analyses are published in
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Ward and others (1998, 1999) and Coll and Siwicki (1997,
1999). References for methods for the analyses performed by
the NWQL can be found in the aforementioned reports as well
asinpublicationsby researchersat the NWQL (U.S. Geological
Survey, 2005). Methods for field measurements are described
inthe USGS National Field Manual for the Collection of Water
Quality Data (U.S. Geologica Survey, variously dated).

The acidity datain this report are calculated using the
major components of acidity (pH and iron, manganese, and alu-
minum concentrations) in the method described in Rose and
Cravotta (1998). Rose and Cravotta (1998) and Hedin and oth-
ers (1994) have shown that cal culated and measured acidities
are comparable. Hedin and others (1994) found differences of
less than 10 percent in measured and cal cul ated acidities of
mine-drainage samples where pH values were between 3.0 and
4.0. In alkaline samples, calculated acidity may exceed mea-
sured acidity because asthe sample pH increases, iron and other
metal ions form hydroxide complexes that have less capacity
than the uncomplexed ions to consume bases (so there isless
acidity contribution).

Ground-water age data may be used to (1) estimate aver-
age ground-water flow velocity, (2) determine relative ground-
water flow directions, (3) better understand the ground-water
flow processes within an aquifer, (4) assesswhen or if past and
present land-use activities may affect an aquifer, and
(5) develop strategies for protecting valuable ground-water res-
ervoirs.

Estimates of ground-water age referred to within this
report were determined by collecting ground-water sasmplesand
analyzing them for CFCs using analytical and interpretive
methods of Busenburg and Plummer (1991, 1992) and Szabo
and others (1996). CFCs are stable synthetic organic com-
pounds that were first manufactured in the 1930s. CFCs, also
known as Freons, are detectable at very low concentrations (one
partin 101° by weight or 1 pg/L in water) and are commonly
used as ground-water tracers (Busenburg and Plummer, 1991).
Concentrations of CFCsin ground water depend on their atmo-
spheric partial pressures and the equilibrium temperature
(recharge temperature) of the water at the base of the unsatur-
ated zone during recharge (Busenburg and Plummer, 1992).
Concentrations of CFC-11, CFC-12, and CFC-113 in the atmo-
sphere have steadily increased since their development in the
1930s. Curves of atmospheric concentrations of CFC-11 and
CFC-12 were reconstructed on the basis of production records
(Chemical Manufacturer’s Association, 1990) and rates of
release to the atmosphere (M cCarthy and others, 1977; Gamlen
and others, 1986). Similar techniques were used to reconstruct
atmospheric concentration curves for CFC-113 (Szabo and oth-
ers, 1996). Assuming that CFC concentrationsin recharge are
proportional to atmospheric concentrations at a particular time
and location, apparent ground-water age can be estimated to
within 2 years from these curves by knowing the concentration
of CFCs and the temperature of recharged water.

The estimation of apparent ground-water age with respect
to mined and unmined areas and with respect to the high-sulfur
northern and low-sulfur central coal regionsis based on the

assumption of piston flow. In asimple piston-flow system,
water entersthe aquifer in an upland area and flows downgradi-
ent to a discharge areawith little or no mixing with water from
areas other than the upland recharge area.

Quality-assurance (QA) samples were collected in addi-
tion to the environmental samples. Blanks were collected to
assure that sampling procedures were not introducing bias into
the data, and replicate and spiked sampleswere collected to ver-
ify that laboratory measurements were acceptable. Blank sam-
ples generally did not reveal problems with sampling proce-
dures except for low levels of afew constituents (table 1).
Analyses of replicates and field spike data did not indicate
potential problemsin analytical determinations at the labora-
tory.

Iron, aluminum, zinc, ammonia, and DOC were detected
in several blank samples at concentrations greater than the min-
imum reporting limits of 3 pg/L, 1 ug/L, 1 pg/L, 0.015 mg/L,
and 0.10 mg/L, respectively. Nevertheless, most detections of
iron, zinc, and ammonia concentrations in the well samples
were at concentrations greater than the level of contamination
detected in the quality-assurance field blanks and thus are con-
sidered to represent valid data. However, concentrations of alu-
minum below 4.8 pg/L may have been affected by sampling or
analytical bias. In addition, concentrations of DOC less than
16 mg/L that were reported for blanks may also have been
affected by sampling or analytical bias. Because of the high
concentration of DOC in blanks, DOC was included in tabular
summaries of the data but not discussed further in the interpre-
tation of water-quality data. Sampling and analytical bias were
considered during statistical analyses of the available data.

No VOCs analyzed in this study had field or trip blanks show-
ing concentrations greater than an estimated 0.07 pg/L ; there-
fore, censoring of VOC data was not warranted (table 1).

All instruments used for monitoring pH, specific conduc-
tance, water temperature, and dissolved oxygen were calibrated
daily in the field. Review of log sheets for instrument calibra-
tion did not indicate any problems with field determinations of
these constituents. Comparison of field and laboratory determi-
nations of pH and specific conductance indicated close agree-
ment for the wells sampled.

Concentrations of constituents sampled were compared to
USEPA Drinking Water Standards, both primary and second-
ary. National Primary Drinking Water Regulations (primary
standards) arelegally enforceabl e standardsthat apply to public
water supply systems (U.S. Environmental Protection Agency,
2004). Under the Federal Safe Drinking Water Act, aMaximum
Contaminant Level (MCL)—the maximum allowable concen-
tration—is set for inorganic and organic contaminants that can
adversely affect public health. For comparison purposes, the
water quality of private domestic wellsnear mined and unmined
sites evaluated for this study was examined in relation to these
standards. National Secondary Drinking Water Regulations
(secondary standards) are nonenforceabl e guidelines estab-
lished by the USEPA for contaminants such as sulfate, iron, and
manganese that may cause water to have poor taste, odor, or
color; may cause staining of plumbing fixtures; or may cause



Table 1. Summary of field and trip blank quality-assurance data with detections from ground-water samples collected as part of mining land-use studies in the high-sulfur and

low-sulfur coal regions.

[Constituents not detected in blanks are not listed in this table; mg/L, milligrams per liter, pg/L, micrograms per liter; N/A, not applicable; <, less than; E, estimated]

Blank samples

Routine samples from mined areas

. Method Unit of
Constituent name detection measure Number of Number of Range of Number of Number of Range of
limit samples detections concentrations samples detections concentrations
detected

Calcium (dissolved) 0.02 mg/L 4 1 0.05 58 58 1.4-230
Magnesium (dissol ved) .01 mg/L 4 1 0.01 58 58 1.7-57.0
Silica (dissolved) .01 mg/L 4 2 0.02-0.04 58 58 3.5-20.0
Aluminum (dissolved) 1.0 pg/L 4 3 3.3438 58 58 27971
Iron (dissolved) 3.0 po/L 4 3 4557 58 54 <3.0-31,000
Zinc (dissolved) 1.0 ug/L 4 3 12-34 58 56 <1.0-472
Ammonia (dissolved as N) .015 mg/L 3 3 0.016-0.058 58 55 <0.010-1.54
Dissolved organic carbon .10 mg/L 3 3 0.6-16.0 58 58 <0.10-10.0
Chloroform (total) .052 ug/L 2 1 E0.01 58 8 0.008-0.119
Toluene (total) .038 po/L 2 1 E0.03 30 3 0.009-0.04
1,4 Dichlorobenzene (total) .050 po/L 2 1 E0.01 30 0 <0.050
Dichlorodifluoromethane (total) .140 ug/L 2 1 E0.004 30 0 <0.100
1,2,4 Trimethylbenzene (total) .056 po/L 2 1 E0.07 30 18 0.008-0.140
m-p Xylene (total) .060 po/L 2 1 E0.01 30 1 E0.008-<0.064

uonanposu|
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cosmetic effects such as tooth discoloration (U.S. Environmen-
tal Protection Agency, 2004).

A Mann-Whitney nonparametric rank-sum test was con-
ducted to compare mine-drainage-related constituents and
ground-water ages from samples downgradient of mined sites
to those constituents from samples in unmined areas to deter-
mineif observed differences are statistically significant (Helsel
and Hirsch, 1992, p. 118-124). Results of the tests are reported
assignificant at the 95-percent confidencelevel (p value<0.05).
A nonparametric Kruskal-Wallis rank-sum test also was con-
ducted to determine if mine-drainage constituents differ signif-
icantly based on orientation of sampled wells (in terms of dip
and strike) relative to the mined area (Helsel and Hirsch, 1992,
p. 159-163). A Spearman’ srank correlation test was conducted
to comparethe age datato the di stance and topographic dataand
to water-quality data, specifically the mine-drainage constitu-
ents listed previously (Helsel and Hirsch, 1992, p. 217-219).
Multiple-step Kruskal-Wallis tests were conducted on ranks of
the datato determineif median concentrations of mine-drainage
congtituents differ significantly in ground-water samples based
on (1) location in coal-sulfur regions and (2) topographic loca-

tion (Helsel and Hirsch, 1992, p. 159-163 and p. 200-207).

For each of the two hypotheses tested, there were four groups
including two for mining land use (mined, unmined) and two
for either coal-sulfur region (high, low) or topographic location
(hill, valley). The Kruskal-Wallis tests were conducted on the
four sample groups, then on subsets of the four sample groups
as needed to determine which sample group differed from the
others. The significance level was alpha = 0.05 for comparison
of four groups, and alpha = 0.025 for two groups. Nonparamet-
ric procedures were chosen because of unbalanced samplesizes
and because of observations of skewnessand of outliersin box-
plots for many constituents. For purposes of ranking data with
multiple minimum reporting levelsfor use in statistical tests,
datawere set equal to just lessthan the highest minimum report-
ing level. In boxplots, the highest minimum reporting level is
shown as the censored level of the data
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Ground-Water Quality in Unmined Areas
and Near Reclaimed Surface Coal Mines

Ground-water quality generally isinfluenced by several
factors, such as climate, aquifer type and lithology, geologic
structure, topographic setting, and land use. In this report, gen-
eral comparisons of water quality including water types are pre-
sented. Background concentrations of constituents useful in
characterizing mine drainage are assigned and discussed.
Results of statistical testing to differentiate watersfromwellsin
unmined areas and wells downgradient of areaswith reclaimed
surface coal mines (hereafter termed “mined areas’) are exam-
ined for existence of contamination by mine drainage. The
degree of the contamination compared to drinking-water-qual-
ity standardsis discussed. The influence of hydrogeologic fac-
tors (spatial and temporal extents of changes downgradient of
mined areas) as well as geological factors (changesin source
geochemistry of aquifer rocks) also are examined.

Detailed data, except for CFC data, are not availablein this
report because they can befound in other publications (Coll and
Siwicki, 1997, p. 188-201; 1999, p. 325-344; Ward and others,
1998, p. 342-351; 1999, p. 446-454). Data from USGS water-
quality and ground-water databases also may be accessed at
web site http://water data.usgs.gov/. Site identification num-
bers, local identification name, coal sulfur content region, land-
use classification (unmined or mined), topographic location,
distance downgradient from mine, and well depth are givenin
appendix 3.

Comparison of Water Quality Between Mined Areas
and Unmined Areas

Surface mining of coal causes the disturbance of great vol-
umes of coal, overburden rock, and pavement rock that under-
lies the coal. These disturbances may result in changesin
hydrology of the area and expose previously buried rocks to
oxygen and water that may result in changes in the quality of
ground water beneath and downgradient from mined areas.
Common effectsinclude increased concentrations of dissolved
sulfate, iron, auminum, manganese, and other ions and metals
that contribute to hardness and acidity and increased suspended
solids and turbidity (Rose and Cravotta, 1998).

Data collected for this study are summarized in terms of
the two most general data groups, ground water from wellsin
unmined and mined areas. However, to evaluate the datain a
regional sense, the wellsin unmined and mined groups were
further subdivided into low-sulfur coal region and high-sulfur
coal-region categories. Thiswas done because characteristics of
the coal-bearing rocks that form the aquifers, and thus affect
ground-water quality, have been shown to have significantly
different characteristicsin previous research (Cecil and others,
1985; Donaldson and others, 1985; Maksimovic and Mowrey,
1993; Tully, 1996b). Wellsin the northern Appalachian coal
region of western Pennsylvaniaand northern West Virginiaare

assigned to the high-sulfur coal-region category. Wellsin the
central Appalachian coal region that includes southern West
Virginia are assigned to the low-sulfur coal -region category.
Cecil and others (1985) have indicated that the dividing line
between the high-sulfur coal region and the low-sulfur coal
region lies generally along the contact between the younger
Pennsylvanian-aged rocks of the Allegheny, Conemaugh, and
Monongahela Groups and the older Pennsylvanian-aged rocks
of the Pottsville Group (Kanawha, New River, and Pocahontas
Formations of West Virginia) in southern West Virginia

(fig. 1).

Summary stati stics describing ground-water chemistry for
the unmined and the mined groups, including the minimum,
maximum, median, and mean values for all constituents dis-
cussed in this report, are shown in table 2. The water-quality
standardsthat will be compared to the concentrationsin ground-
water samples later in this section are listed in table 2.

Variations of Water Quality Related to Regional
Differences in Coal Sulfur Content

Theregional differences in major-ion composition of
ground water in unmined and mined areas are illustrated using
Piper diagrams (fig. 3). The principal composition of the
ground water in unmined areas of the high-sulfur and low-sulfur
coal regionsis calcium-magnesium carbonate-bicarbonate type
(69 percent of samples). The principal composition of ground
water from mined areas in the high-sulfur and low-sulfur coal
regions ranges from cal cium-magnesium carbonate-bicarbon-
ate type (52 percent of samples) to calcium-magnesium sulfate
type (36 percent of samples).

Theincreased prevalence of sulfate-type watersin mined
areas indicated that sulfate and other constituents would occur
at different concentrationsin mined areas compared to unmined
areas. Box plotsof severa constituents (sulfate, iron, radon, pH,
hardness, calcium, and specific conductance) are shown for
high-sulfur versuslow-sulfur coal regionsinfigure 4. Multiple
stage Kruskal-Wallis tests (Helsel and Hirsch, 1992, p. 159-
163, 200-207) on the four data subsets—mined high-sulfur,
mined low-sulfur, unmined high-sulfur, and unmined low-sul-
fur—were conducted on the unbalanced ranks of the data, with
results reported at a significance level of alpha = 0.025. Signif-
icantly different sample subset mediansare denoted by different
letters (A, B) on the box plotsin figure 4. A subset median
denoted AB infigure4 isstatistically the sameasthe median for
code A and code B populations.

For unmined aress, there are no statistically significant dif-
ferences between median concentrations of most mining-
related constituentswhen high-sulfur and low-sulfur regionsare
compared. This generalization holds for sulfate, iron, pH, hard-
ness, calcium, and specific conductance (fig. 4).

Medians of some constituents (specific conductance, cal-
cium, radon, and pH) are greater in wells sampled in the high-
sulfur mined areas compared to low-sulfur mined areas but not
all are significantly greater. Iron and manganese (not shown in



Table 2. Summary statistics and related Federal drinking water standards for constituent concentrations in ground water from wells in mined (58 samples) and unmined areas
(25 samples).

[mg/L, milligrams per liter; pg/L, micrograms per liter; pCi/L, picocuries per liter; pS/cm, microsiemens per centimeter; NTU, nephelometric turbidity units; <, less than; NA, not applicable; MCL, maximum
contaminant level, enforceable standard; AMCL, alternate maximum contaminant level, enforceable standard; SDWR, secondary drinking water regul ation—nonenforceable guideline for cosmetic or aesthetic
effects; Advisory, nonenforceable advisory for taste or odor]

Samples from mined areas Samples from unmined areas U.S. Environmental
Constituent Units Protection Agency drinking

Minimum Mean Median Maximum Minimum Mean Median  Maximum water standard’
Acidity mg/L 0.03 6.22 1.46 457 0.037 10.9 174 86.3 NA
Alkalinity mg/L 0 128 117 357 0 133 114 344 NA
Aluminum ng/L 2.7 355 3.75 971 <1 8.04 31 79 50-200 (SDWR)
Ammonia mg/L asN <.015 .26 141 154 <.015 147 .078 92 30 (Advisory)
Barium pg/L 7.8 265 122 2,680 20 209 161 1,230 2,000 (MCL)

Copper pg/L . . 1,000 (SDWR)
Dissolved organic carbon mg/L <10 154 .8 10 2 .76 .6 25 NA
Dissolved oxygen® mg/L <.01 2.07 4 11 <.01 1.98 2 7.3 NA
Fluoride mg/L 1 21 14 16 1 272 2 11 4 (MCL)
Hardness mg/L 13 188 135 820 3 95.8 70 290 NA

Nickel pg/L . . . NA
Nitrate plus nitrite mg/L asN <.050 .23 .05 29 <.050 1.02 .07 14 10 (MCL)
Nitrite mg/L asN <.010 011 .01 021 <.010 .054 01 11 1(MCL)

pH standard units 3 6.51 6.7 8.8 42 6.85 6.9 9.2 6.5-8.5 (SDWR)
Potassium mg/L .52 217 1.75 7.5 12 1.62 14 45 NA

Total dissolved solids mg/L 32 362 218 2,300 500 SDWR)
Turbidity NTU 25 57.7 6 1,000 <01 24.9 2 500 NA
Zinc ug/L <10 339 8.1 472 <10 12.9 34 85 5 (SDWR)

1These standards only regulate public supplies and no not apply to private domestic wells.
20nly 56 and 24 samples in mined and unmined areas, respectively.
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Figure 3. Major-ion composition of ground water (A) downgradient of reclaimed surface coal mines in the
high-sulfur coal region, (B) in unmined areas in the high-sulfur coal region, (C) downgradient of
reclaimed surface coal mines in the low-sulfur coal region, and (D) in unmined areas in the low-sulfur
coal region.

13



14 Ground-Water Quality in Unmined Areas and Near Reclaimed Surface Coal Mines, Pennsylvania and West Virginia

(o3
0
s & 8
CALCIUM CHLORIDE, FLUORIDE, NITRITE PLUS NITRATE
PERCENT
D

0
S & &
CALCIUM CHLORIDE, FLUORIDE, NITRITE PLUS NITRATE

PERCENT

Figure 3. Major-ion composition of ground water (A) downgradient of reclaimed surface coal mines in the
high-sulfur coal region, (B) in unmined areas in the high-sulfur coal region, (C) downgradient of
reclaimed surface coal mines in the low-sulfur coal region, and (D) in unmined areas in the low-sulfur
coal region.—Continued
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Number of values

Outlier data value more than 3 times the interquartile range
outside the quartile

Outlier data value less than or equal to 3 and more than
1.5 times the interquartile range outside the quartile

Data value less than or equal to 1.5 times the interquartile
range outside the quartile

75th Percentile

Median Interquartile range

25th Percentile

Detection limit

Boxes with same letter are not significantly different at
significance level of 0.025 as determined by multiple-
step Kruskal-Wallis multiple comparison tests.

HIGH-SULFUR COAL LS-M LOW-SULFUR COAL
REGION, MINED REGION, MINED

HIGH-SULFUR COAL LS-U LOW-SULFUR COAL
REGION, UNMINED REGION, UNMINED

Figure 4. Selected mine-drainage constituents in ground water downgradient of reclaimed surface coal
mines and in unmined areas of high-sulfur and low-sulfur coal regions.
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figure 4) concentrations are not significantly different between
high-sulfur and low-sulfur mined areas. M edian concentrations
of sulfate, hardness, specific conductance, and calcium are sig-
nificantly greater for mined areasin the high-sulfur coal region
compared to mined areas in the low-sulfur coal region, and to
any unmined location. Radon and pH aresignificantly greater in
the high-sulfur coal region for mined areas compared to mined
areasin the low-sulfur coal region. The radon and pH in any
unmined area was not different from mined areas in the high-
sulfur coal region. Iron and other mine-drainage constituents
showed no significant difference related to coal -sulfur region.
Curiously, acidity is not significantly greater in any one
region or mining condition. This may suggest that reclamation
practices are effectively reducing acid concentration. Calcare-
ous materials used as amendments to mine spoil and high-wall
fill arelikely helping to reduce acid through neutralization reac-
tions that increase the calcium and magnesium levels. Many
more mining operations also now employ special handling
methods for highly pyritic materials, thus further reducing
release of acid into the ground water. Calcareous minerals are
also more abundant in general in rocks of the high-sulfur area.

To summarize, there are some significant differencesin
mine-drainage contaminant levels between high-sulfur and
low-sulfur regions but the greatest differences are between
mined high-sulfur region sites and all other sites because the
combination of source geochemical factors and mining distur-
bance are maximized. Iron levels are a so increased in mined
areas regardless of coal-sulfur content. Because of the subtle
differencesin ground-water quality when evaluated by coal-sul-
fur region, hereafter, the focus will be on comparing the results
from unmined areas with results from mined areas regardless of
coal-sulfur content.

Background Water Quality in Unmined Areas

Toidentify water affected by mine drainagein general and
to later estimate the extent of lateral and vertical migration of
waters originating from reclaimed surface mines, abackground
concentration representing unaffected waters was determined
for selected mine-drainage constituents—sulfate, iron, manga-
nese, aluminum, zinc, hardness, and total dissolved solids that
generally are expected to beincreased in mined areas (Rose and
Cravotta, 1998). Alkalinity, acidity and pH background concen-
trationswere not cal cul ated because these constituents could be
either higher or lower in mined areas compared to unmined
areas depending on whether acidic mine drainage or neutral or
akaline mine drainage occurs (Rose and Cravotta, 1998). Data
from the wells representing aquifersin unmined areas were
used. Concentrations were ranked, and the concentration that
was exceeded in 10 percent of the samples (the 90th percentile
value) for each constituent was used to represent the back-
ground concentration.

Using sulfate as an example, only one sample from an
unmined area had a sulfate concentration greater than 50 mg/L.
Both the mean and median sulfate concentrations in ground

water from wells representing unmined areas are about

14 mg/L. Using the af orementioned procedure, the background
concentration (90th percentile value) was determined to be

26 mg/L. Thisvaueislow compared to those determined by
other researchers. McCurry and Rauch (1986) working in north-
ern West Virginia, Brady (1998) in Pennsylvania, and river
assessments across western Pennsylvania by Sams and Beer
(2000) have yielded higher background concentrations for sul-
fate of 50, 40, and 75 mg/L, respectively. Background concen-
trations for selected constituents are plotted in subsequent illus-
trations to facilitate identification of concentrations elevated
above background levels.

Major Water Characteristics and Mine-Drainage
Constituents

Ground water in mined areas appearsto have water quality
distinct from unmined areas. Ground-water chemistry in mined
areas is characterized by elevated specific conductance and
total dissolved solids associated with mine-drainage constitu-
ents such as sulfate, dissolved iron, dissolved manganese, dis-
solved aluminum, and hardness (table 2). Median pH values of
6.7 and 6.9 characterize the mined and unmined areas, respec-
tively. Alkalinities were about the same in mined and unmined
areas. Box plots of 10 selected constituents illustrate the fre-
guency distributions of data for mined and unmined areas
(fig. 5). Background concentrations also are shown in figure 5.
To determineif medians of the two sample distributions plotted
in figure 5 were significantly different, Mann-Whitney rank-
sum tests were conducted. The results of the tests are summa-
rized for 30 constituentsin table 3.

Median concentrations of sulfate, iron, manganese, alumi-
num, zinc, calcium, magnesium, hardness, specific conduc-
tance, turbidity, potassium, silica, and ammonia were signifi-
cantly higher in mined areas compared to unmined areas,
whereas radon and fluoride were significantly lower in mined
areas compared to unmined areas. The pH issignificantly lower
in mined areas compared to unmined areas (fig. 5).

Trace Elements

Sixteen trace elements including aluminum, antimony,
arsenic, barium, beryllium, cadmium, chromium, cobalt, cop-
per, lead, molybdenum, nickel, selenium, silver, uranium, and
zinc were determined by analysis of ground-water samples.
Results were highly censored, with many concentrations
reported to be less than reporting limits of the analytical meth-
ods. Datafor all 16 elements are published el sewhere (Coll and
Siwicki, 1997, p. 197-198; 1999, p. 337-340; Ward and others,
1998, 1999) and summary statisticsfor concentrations of only 9
elements are presented in table 2. Elements related to coal min-
ing, such as selenium, that had no concentrations at or abovethe
method reporting limit of 1 pg/L are not discussed hereafter.
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Table 3. Mann-Whitney rank-sum test results comparing median concentrations of
constituents in ground water from wells in mined and unmined areas.

[Shaded cells are significantly different with a p value of < 0.05; mg/L, milligrams per liter; ug/L,
micrograms per liter; NTU, nephelometric turbidity units; pCi/L, picocuries per liter; pS/cm,
microsiemens per centimeter]

Median
Chemical constituent (units) Mined Unmined p value
(total = 58) (total = 25)
Acidity (mg/L) 1.46 1.74 0.709
Alkalinity (mg/L) 117 114 551

Barium (ug/L) 122 161 .509
Chloride (mg/L) 5.1 7.3 321
Chromium (pg/L) 19 15 478
Cobalt (ug/L) <1 <1 .0964
Copper (ug/L) <1 <1 .961

Dissolved oxygen A4 2 .56

Net alkalinity (mg/L) 111 113 .785
Nickel (ug/L) 13 <1 .146
Nitrate plus nitrite (mg/L as N) .05 .07 .249

Sodium (mg/L) 9.35 18 297

Total dissolved solids (mg/L) 218 180 115
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Figure 5. Concentration distribution of mine-drainage constituents downgradient of reclaimed surface coal mines and in
unmined areas.
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- Background concentration (90th percentile of ranked concentration data

for unmined areas)
-- Detection limit

Figure 5. Concentration distribution of mine-drainage constituents downgradient of reclaimed surface coal mines and in
unmined areas.—Continued
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Six elementsfor whichtherewasat least one concentration
above the minimum reporting limit were analyzed for signifi-
cant differences between mined and unmined areas. Medians of
auminum, chromium, and zinc are higher for mined areas than
inunmined areas (table 2). Also, greater concentrations for out-
lier values and greater numbers of outlier points for aluminum
and zinc were measured in mined areas compared to unmined
areas (fig. 6). Results of Mann-Whitney rank-sum testsindicate
that only zinc is significantly greater in mined areas (median of

8.1 ug/L) thaninunmined areas (median of 3.4 pug/L) (fig. 6and
table 3). The results for aluminum indicate a significantly
greater median of 3.75 pg/L in mined areas compared to a
median of 3.1 ug/L in unmined areas; however, these results
(table 3 and fig. 6) are inconclusive due to the bias resulting
from low-concentration detections of aluminum in analyses of
three of four blank samples. Medians for other trace elements
were not significantly different between mined and unmined
areas.
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Figure 6. Concentration distribution of trace elements that are significantly different between mined and

unmined areas.
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Volatile Organic Compounds eight compounds were detected in samples collected from
unmined areas. The compounds detected, the maximum con-
Samples for analysis of volatile organic compounds centrations reported, and the MCLs are listed in table 4.
(VOCs) were collected from 30 wells in mined areas and from Of the 23 detected compounds, 7 are compounds that
15 wellsin unmined areas in the northern Appal achian coal include benzene, toluene, and xylene (BTEX compounds), 11
region. Analytical reporting limits (detection limits) varied are halogenated straight chain compounds (alkanes and alk-
widely among the compounds. Twenty-seven of the30 samples  enes), 2 are ketones, 1 is an ether, and the remaining 2 com-
from mined areas and each of the 15 samples from unmined pounds (tetrahydrofuran and carbon disulfide) are unrelated by
areas had at least one VOC concentration above the minimum  functional group. In samples collected from mined areas, there
reporting limits. Of the 86 compounds analyzed, at least 1 were 33 detectsfor BTEX compounds (1.10 detectsper sample)
detection was reported for 23 compounds. Seven compounds and 17 detects for halogenated straight chain compounds (0.57
were detected in samples collected in mined areas only, and detects per sample). In samples collected from unmined aress,

Table 4. Maximum concentration detected and number of samples with detections of volatile organic compounds (VOCs) for mined and
unmined areas in the northern Appalachian coal region.

[E, estimated; <, less than; —, no MCL has been set; *, Total for trihalomethanesis 0.08 mg/L; P, Regulation is pending]

u.s. Samples from wells in mined Samples from wells in unmined
Environmental areas areas
Minimum Protection
reportin Agenc
Co:1apn(::nd . II)imit ’ ma?(in?u‘:n Maximum Number of Maximum Number of
(mlcrograms contam|:|ant cf)ncentratlon detections c?ncentratlon detections
per liter) level (mlcrograms per (total = 30) (mlcrograms per (total = 15)
(micrograms liter) liter)
per liter)
Bromodichloromethane 0.048 80P* <0.048 0 0.05 1
Tetrachloromethane .088 — E .01 1 <.088 0
Dibromochloromethane .18 80P* <.18 0 E .03 1
Chloroform .052 80P* A2 8 .20 6
Toluene .05 1,000 E .04 3 .067 1
Benzene .10 5 .598 6 E .02 1
Ethylbenzene .030 700 E.0O1 1 <.030 0
Chloromethane .25 — E .10 3 E .029 2
Dichloromethane .38 5 <.38 0 .382 7
Tetrachloroethylene .10 <.10 0 E .04 1
1,1,1-Trichloroethane .032 200 E .02 1 .06 1
Trichloroethylene .038 5 <.038 0 A7 1
Carbon disulfide 37 — E .318 7 E .01 2
cis-1,2 Dichloroethylene .038 70 <.038 0 0 1
Styrene .042 100 E .040 1 E .005 1
1,2,3-Trimethylbenzene 12 — <.12 0 E .002 1
1,2,4-Trimethylbenzene .056 — .140 18 E .041 10
Methyl iodide .021 — .080 3 <.021 0
Methyl tert-butyl ether A7 — E .030 1 <.17 0
4-Methyl-2-pentanone 37 — E .10 1 <.37 0
2-Butanone 16 — <16 0 El1l 1
Tetrahydrofuran 9.0 — E3.0 7 <9.0 0
m- and p-Xylene .06 10,000 E .008 1 <.06 0

1These maximum contaminant levels only regulate public supplies and do not apply to private domestic wells.
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there were 14 detects of BTEX compounds (0.93 detects per
sample) and 21 detects of the straight chain compounds (1.4
detects per sample). Detection frequencies of benzene and tolu-
ene are greater in mined areas (20 and 10 percent) thanin
unmined areas (7 and 7 percent) (fig. 7).

Thegreater frequency of detection of VOCsin mined areas
could be related to accidental releases of petroleum products
from machinery used during mining; however, it also is possi-
ble that atmospheric deposition is a pathway by which VOCs
reach ground water at the low concentration levels measured in
this study (U.S. Environmental Protection Agency, 1999). The
occurrence of VOCs at low levelsin the atmosphere can be
widespread because of emissions from automobiles, industries,
heating, power generating plants, and other sources (National
Science and Technology Council, 1997).

Relation to Drinking Water Standards

USEPA primary standards for barium and |ead were
exceeded at one site each in mined areas. USEPA primary stan-
dardsfor nitrate, nitrite, and lead were exceeded at onesite each
in unmined areas. However, because none of these constituents
are commonly related to coal mining, they are not further dis-
cussed.

USEPA Secondary Maximum Contaminant Levels
(SMCL) for auminum, chloride, iron, manganese, pH, sulfate,
and total dissolved solids were exceeded at two or more sitesin
mined areas (table 5). None of the samplesfrom unmined areas
exceeded the aluminum, chloride, or sulfate SMCLs. Generally,
the constituents related to mining (sulfate, aluminum, iron,
manganese, pH, and total dissolved solids) exceeded SMCLs
more frequently in mined areas compared to unmined areas.
The concentration of sulfate exceeded the SMCL of 250 mg/L
in six samples from mined areas. Concentrations of chloride
exceeded the SMCL of 250 mg/L in only two samples from
mined areas. The SMCL of 300 ug/L for iron was exceeded in
samples from 64 percent (37 of 58) of sitesin mined areas and

36 percent (9 of 25) of sitesin unmined areas. The SMCL of
50 pg/L for manganese was exceeded in samples from

71 percent (41 of 58) of sitesin mined areas and 56 percent (14
of 25) of sitesin unmined areas. The pH of samplesfrom

38 percent (22 of 58) of sitesin mined areas and 36 percent (9
of 25) of sitesin unmined areas was outside of the Secondary
Drinking Water Standard range of 6.5 to 8.5. The concentration
of aluminum exceeded the SMCL range maximum value of
200 pg/L in only three samples from mined areas. The concen-
tration of total dissolved solids exceeded the SMCL of

500 mg/L in samplesfrom 16 percent (9 of 58) of sitesin mined
areasand 4 percent (1 of 25) of sitesin unmined areas. All VOC
concentrations reported were below the USEPA MCL values
for drinking-water supplies.

The ground water in mined areas has concentrations of
constituents indicative of pyrite oxidation and treatment of
mine drainage with cal careous amendments. Higher concentra-
tions of calcium, magnesium, and hardness can result from
leaching of minerals from rocks due to reactions with sulfuric
acid, from excavation of calcareous overburden to obtain more
calcareous materials to usein filling high wall areas to neutral-
ize AMD (Hawkins, 1998b, p. 17-1-17-6, Brady, 1998, p. 9-7—
9-8), or from cal careous amendments introduced at the site to
neutralize AMD in the mine spoil and at locations below seeps
(Brady, 1998, p. 10-6-10-8). The calcareous materials used at
surface-mine areaswould also increase pH and decrease acidity
and may explain why acidity was not significantly different and
why the pH difference, though statistically significant, was
small between ground water in mined and unmined areas. Total
dissolved solids, specific conductance, and turbidity usually
will increase as rocks are disturbed and broken and more min-
erals dissolved through exposure and weathering. Radon usu-
ally will decrease (resulting in less radon available for dissolu-
tion into the ground water) because it is released to the
atmosphere by increased fracturing of rocks above and below
the surface.

Table 5. Maximum values reported and number of samples exceeding the U.S. Environmental Protection Agency Secondary Maximum
Contaminant Level for aluminum, chloride, iron, manganese, pH, sulfate, and total dissolved solids in ground water downgradient of re-

claimed surface coal mines and wells in unmined areas.

[SMCL, Secondary Maximum Contaminant Level; ug/L, micrograms per liter; mg/L, milligrams per liter]

Samples from wells in mined areas

Samples from wells in unmined areas

Contaminant Number of Number of
(units) SMmcL Maximum samples Maximum samples
concentration exceeding SMCL concentration exceeding SMCL

(total = 58) (total = 25)
Aluminum (ug/L) 200 971 3 79 0
Chloride (mg/L) 250 1,200 2 240 0
Iron (ug/L) 300 31,000 37 5,170 9
Manganese (ug/L) 50 2,780 41 1,530 14
pH (standard units) 6.5-8.5 3.0-88 22 4.2-9.2 9
Sulfate (mg/L) 250 700 6 53 0
Total dissolved solids (mg/L) 500 2,300 9 773 1
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Figure 7. Concentration distribution of selected volatile organic compounds related to petroleum
compounds in ground water downgradient of reclaimed surface coal mines and in unmined areas.
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Spatial and Temporal Relations and Local Extent of
Mine-Drainage Constituents in Mined Areas

Ground-water quality is affected by mine drainage to var-
ious degrees at various distances from reclaimed surface mines.
There also are changesin the quality of ground water as afunc-
tion of depth, topography, coal-sulfur content, and time, assum-
ing that 1) movement of ground water isby piston flow, 2) flow
paths coincide with topographic downgradient directions, 3) the
primary discharge areas are surface-water bodies, and 4)
springs do not intercept a significant amount of ground-water
flow through hills and hillsides.

Lateral Distance from Mined Area

Among the 38 samples from wells less than 500 ft from
mined areas, the 9 samplesfrom wells more than 500 ft but less

800 T T T T T T

than 1,000 ft from mined areas, and the 11 samples from wells
more than 1,000 ft from mined areas, concentrations of several
mine-drainage constituents are higher than background. Sul-
fate, manganese, acidity, aluminum, zinc, and hardness concen-
trations are highest in samples collected at distances less than
500 ft downgradient of mined sites. At distances greater than
1,000 ft from mined sites, the concentrationstypically are at or
below background concentrations. In general, highest concen-
trations were detected within 1,000 ft from the mined sites
(fig. 8). Sulfate and iron concentrations not only exceeded
background near mined sites but also at distances more than
1,000 ft downgradient of the mined site. The relation between
pH and distance is not as clear as for other constituents, but
there is only one pH value below 6.0 at distance greater than
1,000 ft, compared to nine pH values at sites sampled less than
1,000 ft, and eight of thenine pH valueslessthan 6.0 are at sites
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Figure 8. Concentrations of selected mine-drainage constituents downgradient of reclaimed surface coal mines.—Continued

sampled less than 500 ft downgradient of mined sites. Alkalin-
ity showed no patterns related to distance.

The decline of constituent concentrations with increasing
distance from the mined siteisgenerally dueto dispersion, dilu-
tion, adsorption, neutralization, and sulfate reduction, aswell as
decreased rates of oxidation of pyritic material at the source as
rock surfaces weather and become armored with precipitates.
The highest concentrations of sulfate and other mine-drainage
constituents listed above generally occur at less than 500 ft
downgradient from mined sitesand arelikely dueto accelerated
rates of oxidation of pyritic materials at the mined site as noted
by Rose and Cravotta (1998) in previous research. The lower
constituent concentrations at distances less than about 500 ft
from mined sites may indicate sites where oxidation rates have
not peaked yet and flow paths through mine spoil are not fully
established. The lower concentrations also may indicate that

comparatively less pyritic materials exist at the mined site, or
that the sampled well intercepts ground water from other
recharge areas in addition to the mined site. The elevated con-
centrations of hardness are likely due to reactions of the acid
with cal careous rocks either placed in the mine spoil to neutral-
ize acid production, or existing along the flow path.
Therelation of well location on the geologic structure
nearby the mined area was examined. Fifty-five of the 58 sam-
pled wells were characterized as being downdip (26 wells),
updip (16 wells), or along strike (13 wells) from mines. All
wells considered for this analysis were topographically down-
gradient of nearby mines. In this study, mine-drainage constitu-
ent concentrations at wells downdip of mines are not signifi-
cantly greater than those updip or along strike. A Kruskal-
Wallis rank-sum test for nonparametric distributions of data
show that there is no difference in mine-drainage constituent
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concentrations based on structural |ocations of wellsrelative to
the mines. Nevertheless, other researchers (McCurry and
Rauch, 1986; O’ Steen and Rauch, 1983) found that mine-drain-
age constituents, notably sulfate, were present in greater con-
centrations in wells downdip from mines than in water from
wells updip or along strike. The higher concentrations of mine-
drainage constituents downdip arelikely because of preferential
flow directions of ground water along bedding-plane separa-
tions and down the el evation gradient when downdip and down-
hill directions coincide. At many of the areas examined during
this study, perhaps disturbances of rock, by blasting and rock
removal, have resulted in creation of new vertical joints and
fractures so that ground water in the shallow (generally less
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than 250 ft deep) wells flows primarily downgradient from the
mined area, and not just preferentially downdip.

Vertical Extent and Relation to Depth of Wells

Of 58 wells sampled downgradient of reclaimed surface
coal mines, 16 have depths from 21 to 50 ft, 38 have depths
from 51 to 150 ft, and 4 have depths of 200 to 375 ft
(appendix 3). With so few deep wells sampled (more than
200 ft deep), it is difficult to assess conditions of deep parts of
the aquifers. Some mine-drainage constituents are present at the
highest concentrations at well depths between 50 and 150 ft but
others show high concentrationsin shallow wellslessthan 50 ft
deep. Concentrations of sulfate, hardness, and total dissolved
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Figure 9. Vertical extent of mine-drainage constituents in ground water downgradient of reclaimed surface coal mines.
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Figure 9. Vertical extent of mine-drainage constituents in ground water downgradient of reclaimed surface coal mines.—Continued

solids are greatest in wellsin mined areas with well depths
between about 50 and 150 ft (fig. 9). Concentrations of sulfate,
iron, manganese, aluminum, and zinc are greater than back-
ground both in shallow wells (20 to 50 ft of depth) and in wells
more than 50 to 150 ft deep. Acidity concentrations are also
greatest at well depths less than 150 ft. Concentrations of zinc
and radon are greatest at depths of less than 50 ft. Few concen-
trations of total dissolved solids and hardness exceed back-
ground at depthslessthan 50 ft and patternson figure 9indicate
that these constituents' concentrations and alkalinity increase
with increased well depth. The pH can be less than 6.0 at any
depth, but several wells had lessthan 6.0 pH at depthslessthan
50 ft. In this study, the depth of the interception of the mine-

drainage congtituentsis not known, only the well depth, but the
mine-drainage constituents may flow through the aquifer at
depths less than 50 ft according to other researchers who have
shown that shallow wells and springs typically show higher
concentrations of mine-drainage contaminants than deeper
wells (McCurry and Rauch, 1986).

The increased concentrations of mine-drainage constitu-
ents from wells 20 to 150 ft deep compared to wells more than
150 ft deep likely coincide with the greater density of fractures
available to transport mine-drainage constituents in the first
150 ft of strata. Fewer fractures at depths greater than 150 ft
may result inlessflow of ground water transporting mine-drain-
age constituents from the surface to greater depths. Of the 16
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shallowest wells (less than 50 ft deep), 9 are in valleys, and
water in these wells may have lower concentrations of mine-
drainage constituents due to dilution of ground water asit inter-
cepts and mixeswith ground water from deeper regional or sub-
regional flow paths.

Relation to Topographic Location

Topographic location has been reported to be a significant
factor for both well yield and ground-water quality (McElroy,
1988). The effects of topographic location, such as hilltop, hill-
side, or valley locations, on ground-water quality downgradient
from reclaimed surface mines are examined. Because only one
downgradient well is on a hilltop, the hilltop and hillside loca-
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tions were combined in evaluating water quality. Figure 10
shows box plots of sulfate, iron, and turbidity concentrationsin
unmined and mined areas in hilltop/hillside locations (referred
to as hill locations) versus valley locations.

Results of multiple comparison tests using a multiple-step
Kruskal-Wallistest (Helsel and Hirsch, 1992, p. 200-207; Ott,
1993) on ranks of the dataindicate that very few mine-drainage
contaminants in this study are shown to differ significantly
based on topographic location. The tests indicate that turbidity
was significantly greater at mined hill locations (median of
7.8 NTU) compared to unmined hill locations (median of
2.0 NTU). Sulfate concentrations were not significantly differ-
ent among topographic locations. The median iron concentra
tion of 2,000 pg/L at mined valley locationsis significantly
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Figure 10. Distribution of constituent concentrations in ground-water samples from wells in hill and valley locations downgradient of

reclaimed surface coal mines.
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greater than the median iron concentrations of 74 ug/L at
unmined hill locations. The median iron concentration for the
mined hill location (590 pg/L) is greater, although not statisti-
cally significant, by nearly an order of magnitude than median
iron concentration for the unmined hill location (74 ug/L).

The general trends (that are not statistically significant)
relating topographic location to concentrations of mine-drain-
age constituentsin well water are that the constituents downgra-
dient of mined locations occur at higher concentrations than
consgtituentsin unmined areas, for both hill and valley locations.
The downgradient hill locations have higher concentrations
than the valley locations, except for iron. The higher concentra-
tions of some mine drainage contaminants at hill locationsis
likely dueto the fact that most mines are on hill slopes, and so
the hill locations are closer to the mined aress.

Relation to Ground-Water Age

The residence time of water in the rock can affect concen-
trations of mine-drainage constituents. Ground-water age was
measured in an attempt to estimate residence time in the rock.
For samples collected from wells downgradient of reclaimed
surface coal mines, 54 of 58 have age data (30 in the high-sul fur
coal region and 24 in thelow-sulfur coal region). Thirteen wells
in unmined areas have age datafor ground water. Ground-water
age data presented withinthisreport are characteristic of ground
water from wells completed in fractured-bedrock aquifers and
should not be assumed to be characteristic of ground-water flow
in near-surface regolith or the unsaturated zone. The age data
presented in this report represent the portion of ground water
typically used by domestic homeownersand smaller public sup-
plies as a source of drinking water and mixing of older and
younger watersis likely. Obviously, younger water occursin
near-surface regolith, the unsaturated zone, and very shallow
bedrock. Such shallow water (lessthan 50 ft in depth) typically
has achemica composition more characteristic of precipitation
than of deeper ground water (Kozar, 1996). Methane and hydro-
gen sulfide can cause degradation or stripping of CFC com-
pounds, especially for CFC-11 and CFC-113. Methane and
hydrogen-sulfide compounds commonly are present in ground
water near coal-bearing rock and near coal mines. Hydrogen
sulfide was not analyzed in this study, but methane data are
listed in appendix 1. The CFC compound data used to estimate
ages are given in appendix 2 (G. Casile, U.S. Geological Sur-
vey, written commun., 2004).

Other researchers haveindicated that because of increased
residence time, specific conductance and dissolved solids
increase with depth in hillside wells (Hawkins and others,
1996). Wellsin valeys are reported to receive mixtures of var-
ious aged waters (Brady and others, 1996) and have greater
yields (Clark and others, 1976).

A Spearman’ srank correlation was conducted to compare
the age data to the significant water-quality data, specifically
the mine-drainage constituents listed previously. Spearman’s
rank correlation was also used to compare the age data to the

distance data by topographic location (hill and valley). No sig-
nificant correlations were shown between any mine-drainage
constituent and age. The only mine-drainage constituents cor-
relative with age (indicated by a correlation coefficient greater
than 0.50) were pH and alkalinity, and then only in the low-sul-
fur coal region, and acidity, only in the high-sulfur region,
where correlation coefficients were 0.55, 0.52, and 0.53,
respectively, indicating an increase with increased age, but the
relation is not statistically significant (fig. 11). No significant
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correlation exists between the distance data and the age datafor
well waters downgradient from mines, by topographic-location
group (hill and valley) (fig. 12). However, at distances greater
than 1,000 ft from the mined area, age of water from wells on
hills shows an increase with increased distance from the mine
(fig. 12). At other distances, any age of well water between 4
and 58 yearsis reported for both hill and valley topographic
locations (fig. 12).

The lack of significant correlation among mine-drainage
congtituents, age, distance from mined areas, and topographic
location may be the result of several factors. These factors
include mixing of ground-water agesin water intercepted by the
wells, hydraulic impacts of mining (disturbance of rock from
blasting), configuration of land surface (slope and relief), and
rock orientation relative to mined areas and wells sampled.

Severa conditionsmay result inwellsin mined areasinter-
cepting ground water of mixed ages (or residence times): (1)
strong indications of mixed residence times were seen in 10 of
54 wells (19 percent) for which CFC datawere used to estimate

ground-water residence time as shown in appendix 2 and
figure 12 (G. Casile, U.S. Geological Survey, written commun.,
2004), (2) some samples have old ages (46->58 years) deter-
mined from CFC data but are very near (350 ft or less) to the
mined area (fig. 12), which would require an extremely small
hydraulic conductivity to move the ground water only a short
distance over decades (assuming that the hydraulic gradient is
0.1 or greater), and that is unlikely, and (3) the wells are open
hole completions into the fractured bedrock and the fractures
may supply ground water of differing residence times based on
fracture lengths, fracture depths, and interconnection of multi-
ple fractures of variable lengths and depths.

A significant hydraulic impact from mining is rock distur-
bance, such as caused by blasting at the mine site. Blasting can
cause increased fracture density and open more interconnected
pathwaysfor agreater volume of mine-drainage constituentsto
flow downgradient of the mined site, perhaps at a more rapid
rate than that prior to the disturbance from mining. The effects
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would vary from siteto site dependent on amount of overburden
removal and blasting done.

Configuration of land surface and rock orientation and the
variability of these factors within the study areamay be related
to ground-water residence times. For example, wellsin hilltop
settings in mined areas with steep slopes and terrain may have
“younger” aged ground water and higher concentrations of
mine-drainage constituents than wells in mined areas with less
steep slopes and terrain. Orientation of bedrock with downgra-
dient directions of ground-water flow could result in younger
ground-water ages, but orientation (downdip, updip, or along
strike relative to the location of the mine) did not correlate with
high concentrations of mine-drainage constituentsin this study.
Also, mixing of older and younger ground water is more likely
in valley settings than in hilltop or hillside settings.

A comparison of mine-drainage constituents in “young”
ground water (age of water less than or equal to time elapsed
since the reclamation was compl eted) to representative mine-
drainage constituent concentrations in unmined area ground-
water samples could not be conducted because the age of most
ground waters sampled exceeded the time elapsed since recla-

mation completion. Twelve yearsisthe maximum elapsed time
since reclamation completion in the sample population. Y et, of
all samples with ages exceeding 12 years, most samples had at
least one mine-drainage constituent concentration exceeding
background levels.

The median apparent age of ground water from 24 wells
(table 6) sampled in mined areas of the low-sulfur coal region
was 30 years. Samples from four wells in unmined areas of the
low-sulfur coal region indicated a similar median apparent
ground-water age of 25 years. No statistically significant differ-
ence in apparent ground-water age could be determined
between mined and unmined areasin thelow-sulfur coal region.
In the high-sulfur coal region, the median apparent age of
ground water from 9 wellsin unmined areas was 44 years and
the median apparent age of ground water from 30 wellsin
mined areas was 33 years. Although the median apparent
ground-water age for unmined areas in the high-sulfur coal
region was approximately 11 years older than mined areas, no
statistical difference in the age of mined and unmined areas
could be established.

Table 6. Statistical summaries of ground-water age comparing mined and unmined areas and topographic location

of wells in the high-sulfur and low-sulfur coal regions.

[>, greater than]
Ground-water age, in years
Coal region Sample size
Median Maximum Minimum

High-sulfur coal region

Mined areas 30 33 52 9

Unmined areas 9 44 50 10
Low-sulfur coal region

Mined areas 24 30 >58 4

Unmined areas 4 25 27 11
High-sulfur coal region (All wells sampled)

Hilltop wells 3 44 50 35

Hillside wells 26 31 50 9

Valley wells 10 35 52 10
Low-sulfur coal region (All wells sampled)

Hilltop wells 2 18 25 11

Hillside wells 11 28 a7 10

Valley wells 15 26 >58 4
High-sulfur coal region (Mined areas only)

Hilltop wells 1 35 35 35

Hillside wells 21 31 50

Hilltop and hillside wells 22 31 50 9

Valley wells 8 34 52 13
Low-sulfur coal region (Mined areas only)

Hilltop and hillside wells 10 30 47 10

Valley wells 14 32 58 4
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Ground water in mined areasin the high-sulfur coal region
istypically older and has less variahility in age than that in the
low-sulfur coal region (table 6 and appendix 2). Mgjor factors
likely responsible for differencesin ground-water age between
the two coal regions are topographic relief and slope. Typical
basin slopesare 60 percent greater and relief isabout 20 percent
greater inthelow-sulfur coal region than in the high-sulfur coal
region, which may result in less residence time, or younger
ground-water age in general, in the low-sulfur coal region.
Topographic location was the only factor that has a discernible
pattern (though not statistically significant) with apparent
ground-water age, and only in the low-sulfur coal region
(table 6). Within the low-sulfur coal region, ground water from
wells on hilltops (median age of 18 years) was younger than
water from wellsin valley settings (median age of 26 years).
Ground-water age data indicate ground-water flow from ridges
or hillsidesto streamsor subregional aquifersinvalley bottoms.
Within the high-sulfur coal region, median age of ground water
for hilltop, hillside, and valley wells was 44, 31, and 35 years,
respectively.

Although data from this study do not show a statistically
significant relation between topographic setting and ground-
water age, in a previous investigation, 25 wells were sampled
randomly within the low-sulfur central coal region as part of an
areal assessment of ground-water age within the Appalachian
Plateaus Physiographic Province in the Kanawha—New River
Basin. The study did not specifically sample wells downgradi-
ent from reclaimed surface mines; the wells selected for sam-
pling were randomly chosen. For these 25 wells, themedian age
of ground water was estimated to be 30 years (Kozar, 1998),
and median ground-water age for wells sampled in hilltop, hill-
side, and valley settingswere 13, 29, and 42 years, respectively
(Kozar, 1998). Thisfinding is similar to age estimates deter-
mined as part of thisinvestigation wherewell sampling yielded
median age estimates of 18, 28, and 26 yearsfor wells sampled
within the low-sulfur coal province from hilltop, hillside, and
valley settings, respectively (table 6). The major difference
being that ground water in valley settingsin primarily mined
areas (median age of 26 years) appears to be significantly
younger than that documented in valley settingsin the earlier
investigation (median age of 42 years) where wells were
selected randomly. Y ounger watersin valley settings in mined
areas may indicate afaster ground-water transit timein valley
settings because of the enhanced fracturing of rock that is com-
mon as aresult of both surface and underground coal mining.

Summary and Conclusions

Surface coal mines have historically had major impactson
the quality of shallow ground water. Since about 1977, changes
in mining practice have been mandated to result in reclamation
of surface-mined areas. Although current programsin Pennsyl-
vania and West Virginiamonitor water quality in and near sur-
face coal mines, this study examines whether post-reclamation

ground-water quality near coal minesissimilar to ground-water
quality observed in unmined areasin the bituminous coal fields
of the northern Appal achian coal region (high-sulfur coal
region) and the central Appalachian coal region (low-sulfur
coal region). This study also examines the spatial and temporal
extent of chemical constituents derived from mine drainagein
ground water downgradient of reclaimed surface-coa-mined
areas. Thiseffort is part of the USGS NAWQA Program assess-
ment of factorsthat affect ground-water quality, such asmining
land use.

Samplescollected from 58 wells (30in the high-sulfur coal
region and 28 in the low-sulfur coal region) about 2,500 ft or
less downgradient of surface coal mines that were reclaimed
during 1985-96 were compared to 25 samplesfrom wells (20in
the high-sulfur and 5 in the low-sulfur coal region) in unmined
areas. Samples from mined areas also were compared to back-
ground concentrations (estimated from the 90th percentile of
concentrations in unmined areas) of selected constituents (sul-
fate, iron, manganese, aluminum, zinc, hardness, and dissolved
solids). The wellswere al private domestic supply wells of
depths generally less than 250 ft. Ground water in these wells
flows into open-hole sections in the gently dipping, relatively
flat-lying fractured units of Pennsylvanian age, which may
include sandstone, siltstone, shale, limestone, and coal.

Constituents examined include common inorganics (par-
ticularly constituents related to mine drainage such as sulfate,
iron, manganese, aluminum, pH, acidity, alkalinity, hardness,
and total dissolved solids), various trace elements (radon, lead,
nickel, and zinc), and VOCs. Ground-water age was cal cul ated
from CFC compounds.

The mine-drainage constituents in ground water downgra-
dient of the mined areas result from the transport of pyrite-oxi-
dation products from the mined site and from neutralization
reactions by the dissolution of calcareous materials introduced
at the mine site or along the ground-water-flow path. The dis-
turbance of the rock during blasting, drilling, or excavating
causes fracturing of rocks and exposes rocks to additional
recharge, mechanical weathering, and geochemical reactions.

Ground water downgradient of surface coal mineshassig-
nificantly higher concentrations of sulfate, iron, manganese,
aluminum, pH, hardness (calcium and magnesium), turbidity,
and specific conductance compared to ground water in unmined
areas. In addition, concentrations of zinc and detections of
BTEX compounds (in the high-sulfur region only) were greater
downgradient of surface coal mines compared to unmined
areas. High concentrations of iron and manganese were ubiqui-
tous throughout the study area. Sixty-four percent of samples
downgradient of surface minesand 36 percent of samplesfrom
unmined areas exceeded the USEPA SMCL of 300 ug/L for
iron, and 71 percent of samples downgradient from surface
mines and 56 percent of samples from unmined areas exceeded
the USEPA SMCL of 50 pg/L for manganese.

Sulfate, hardness, cal cium, and magnesium concentrations
were significantly greater in the high-sulfur coal region down-
gradient of reclaimed surface coal mines compared to downgra-
dient of reclaimed surface coal minesin the low-sulfur coa



region and unmined locationsin either region. Specific conduc-
tance, pH, and radon downgradient of reclaimed surface coal
mines were significantly greater in samples from the high-sul-
fur region compared to samples from the low-sulfur region
sSites.

Concentrations of several mine-drainage constituents (sul-
fate, manganese, aluminum, zinc, and hardness) were greatest
and generally exceeded background lessthan 500 ft downgradi-
ent of surface-coal-mine sites but decreased to less than back-
ground concentrations at distances more than 1,000 ft downgra
dient. Concentrations of sulfate, hardness, and total dissolved
solidswere greatest in wells with depths between 50 and 150 ft
but generally werelessthan background concentrationsinwells
deeper than 150 ft. Iron, manganese, and aluminum concentra-
tions exceeded background in shallow wells (less than 50 ft
deep) and in wells 50 to 150 ft deep. Alkalinity concentrations
and pH werevariable at all well depths. Radon and zinc concen-
trations were highest in shallow wells compared to wells more
than 50 ft deep. Although turbidity levels were significantly
greater at hill locations downgradient from surface-coal-mined
sites compared to hill locationsin unmined areas, mine-drain-
age constituents did not vary significantly by topographic loca
tion (hill as compared to valley).

The median age of ground water sampled in the low-sulfur
coal region in mined and unmined areas was 30 and 25 years,
respectively. The median ground-water age sampled in the
high-sulfur coal regionin mined and unmined areaswas 33 and
44 years, respectively.

In mined areas, ground water in the high-sulfur coal region
typically was older than ground water in the low-sulfur coa
region, though not significantly. Ground-water age in mined
areastypically was greater than time el apsed since mining com-
pletion and did not significantly correlate with concentrations
of any mine-drainage constituent.

In comparing ground-water age to distance from mined
areas and to topographic location, no significant correlations
were found but afew observations are noteworthy. In mined
areas, median ground-water ages increased from hill to valley
locations for wells sampled in the low-sulfur and high-sulfur
coal regions. In samples from wellsin hill locations more than
1,000 ft from amined area, a pattern was observed that ground-
water age increased with increased distance from the mined
area

The lack of significant correlation among mine-drainage
constituents, age, distance from mined areas, and topographic
location may be the result of several factors. These factors
include mixing of ground-water agesin water intercepted by the
wells, hydraulic impacts of mining (disturbance of rock from
blasting), configuration of land surface (slope and relief), and
rock orientation (dip and strike) relative to mined areas and
wells sampled. The mixing islikely related to the open-hole
completion wells that intersect fractures of varying numbers,
depths, lengths, and are interconnected with other fractures. In
addition, the effects of blasting vary with the amount of over-
burden removed, and slope, relief, and structural orientation
vary across the study area.
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Appendix 1la—Dissolved gas and recharge temperature data for 24 wells sampled downgradient
from reclaimed surface coal minesin the low-sulfur coal region

Appendix 1b—Dissolved gas and recharge temperature data for 9 wells sampled downgradient
from reclaimed surface coal mines in the high-sulfur coa region

Appendix 1c—Dissolved gas and recharge temperature datafor 5wells sampled in unmined areas
in the low-sulfur coal region

Appendix 1d—Dissolved gas and recharge temperature data for 8 wells sampled in unmined
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Appendix 2a—Chlorofluorocarbon data and apparent ground-water-recharge dates for 24 wells
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Appendix 2b—Chlorofluorocarbon data and apparent ground-water-recharge dates for 30 wells
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Appendix 1a. Dissolved gas and recharge-temperature data for 24 wells sampled downgradient from reclaimed surface coal
mines in the low-sulfur coal region.

[°C, degrees Celsius; mg/L, milligrams per liter; *, possible methane degradation of CFCs; ND, no data availabl€]

Field
water Recharge
Local tember- N, Ar 0, co, CH,4 Recharge temper- Excessair
identifier atlrre (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) elevation ature (mg/L)
°C

) e
Ral-0211 14.9 15.848 0.5764 0.07 76.73 0.0000 2,584 14.7 0.8
14.9 16.013 .5760 .06 78.32 .0000 2,584 15.2 11
Fay-0274 15.0 16.456 .6142 6.99 65.56 .0000 2,000 12.0 3
15.0 16.450 .6146 7.39 62.86 .0000 2,000 12.0 2
Fay-0275 115 17.398 .6527 3.86 16.85 .0000 2,440 8.8 3
115 17.594 .6532 4.03 16.79 .0000 2,440 9.1 .6
Fay-0276 134 17.975 .6384 .69 70.41 .0000 2,400 11.6 19
134 18.220 .6422 48 70.45 .0000 2,400 11.7 2.2
Fay-0279 11.3 28.490 .8502 .20 46.87 .0072 2,240 8.2 11.0
11.3 19.645 .6845 57 37.84 .8104 2,240 9.8 28
Grb-0284 12.3 26.485 .8180 1.13 46.46 .0017 3,320 6.4 9.0
Fay-0272 12.6 19.406 .6869 .07 78.42 .0021 2,480 8.7 23
12.6 19.334 .6848 .08 76.83 .0028 2,480 8.8 23
B00-0260 13.2 20.728 7528 .00 14.69 *7.8175 1,760 53 1.8
13.2 20.860 .7589 .00 14.99 *7.6909 1,760 49 1.7
Boo-0258 13.6 18.446 .6697 .61 37.97 .0000 1,640 10.0 1.3
136 18.132 .6618 134 37.52 .0000 1,640 10.3 11
Fay-0270 13.7 21.286 .6966 .10 50.45 .0402 2,000 12.0 51
13.7 21.745 .7095 .09 50.66 .0234 2,000 11.4 53
Boo-0259 14.2 24.680 .8839 .00 5.73 *8.4649 1,560 ND 3.0
14.2 24.689 .8904 .00 5.82 *8.0106 1,560 ND 2.7
B00-0256 134 19.963 .6870 .23 73.32 .2458 1,160 11.8 3.2
134 20.409 .6944 27 82.90 3121 1,160 11.8 3.6
Boo-0257 15.0 7.361 .2674 .00 102.81 *13.3136 1,180 ND -1.3
15.0 8.546 .3149 .00 123.63 *11.0795 1,180 ND -1.2
Kan-0935 13.8 20.369 .6990 .08 24.48 .0042 1,440 10.7 34
Nic-0212 13.0 19.171 .6865 2.04 51.92 .0000 1,680 9.5 19
13.0 19.168 .6896 1.64 52.68 .0000 1,680 9.1 17



Appendix 1

Appendix 1a. Dissolved gas and recharge-temperature data for 24 wells sampled downgradient from reclaimed surface coal
mines in the low-sulfur coal region.—Continued

[°C, degrees Celsius; mg/L, milligrams per liter; *, possible methane degradation of CFCs; ND, no data availabl €]

Field
water Recharge
Local tember- N, Ar 0, co, CH,4 Recharge temper- Excessair
identifier atlrre (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) elevation ature (mg/L)
°C
) e
Nic-0209 11.8 21.143 0.7334 0.13 24.83 0.0713 1,880 7.8 3.3
11.8 21.169 .7385 A1 28.64 .0721 1,880 7.3 31
Nic-0213 13.8 20.882 .7045 .20 75.18 .2022 2,200 10.0 41
13.8 29.378 .8527 .23 80.83 .1896 2,200 9.6 125
Kan-0938 14.4 19.398 6751 .29 17.24 .3522 1,580 114 2.7
14.4 19.507 .6780 .30 16.08 .3997 1,580 11.3 2.8
Nic-0214 12.8 20.219 .6638 31 83.38 .3837 2,440 13.2 47
12.8 19.857 .6576 .30 82.85 .3826 2,440 13.2 43
Nic-0215 124 22,711 7994 .00 11.61 *6.3042 2,440 3.2 3.2
124 25.044 .8377 .00 11.61 *6.1873 2,440 3.3 5.6
Nic-0211 125 16.233 .6225 .00 36.32 *5,2565 2,480 9.9 -4
125 15.919 .6182 .00 38.59 *5.5752 2,480 9.7 -.8
Nic-0219 125 21.044 7220 22 59.44 2434 2,800 75 37
125 20.500 7134 .23 58.51 .2621 2,800 7.4 31
Nic-0217 125 23.409 7518 .60 59.81 6122 2,520 9.0 6.5
Nic-0218 12.1 18.126 .6303 3.12 198.76 .0000 2,560 12.8 25

39
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Appendix 1b. Dissolved gas and recharge temperature data for 9 wells sampled downgradient from reclaimed surface coal mines

in the high-sulfur coal region.

[°C, degrees Celsius; mg/L, milligrams per liter; *, possible methane degradation of CFCs)

Field
water Recharge
Local tember- N, Ar 0, co, CH,4 Recharge temper- Excessair
identifier atlrre (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) elevation ature (mg/L)
°C

) e
LE411 16.7 20.504 0.7017 0.05 0.92 *16.1643 1,070 11.3 35
WS973 145 21.462 7436 .29 39.05 .0047 1,090 8.4 34
145 27.119 .8468 2.00 39.35 .0042 1,090 7.7 8.7
MN612 14.1 21.350 .6608 12 142.84 .0000 1,140 184 6.6
14.1 21.496 .6628 .15 138.87 .0004 1,140 185 6.8
BAO012 14.4 20.968 7174 A1 81.45 .5526 1,700 9.4 37
CR726 13.2 21.725 7497 .04 59.04 .0283 1,270 8.0 3.6
13.2 22.557 7642 .07 61.79 .0283 1,270 8.0 4.4
AR106 12.8 13.095 4944 .00 32.26 *25.5844 980 228 -.6
12.8 14.473 5417 .03 32.77 *25.7054 980 19.0 -2
S0853 11.8 20.217 .7103 .02 116.01 .0624 2,380 7.8 2.7
11.8 20.510 7224 .01 115.41 .0661 2,380 7.1 27
JE423 11.9 23.231 7974 .06 61.55 .0090 1,460 55 4.2
11.9 22.854 7897 14 60.91 .0093 1,460 5.7 3.8
JE424 11.6 23.479 7240 .07 257.99 .0533 1,670 13.8 7.7




Appendix 1

Appendix 1c. Dissolved gas and recharge temperature data for 5 wells sampled in unmined areas in the low-sulfur coal region.

[°C, degrees Celsius; mg/L, milligrams per liter; *, possible methane degradation of CFCs; INT, sample could not be analyzed for oxygen content due to
unforeseen interference effects]

a“

Field
water Recharge Excess
Local tompor- N, Ar 0, co, CH, Recharge temper- air
identifier ature (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)  elevation ature (mg/L)
o (°c)
(°C)
Ral-0220 113 17.881 0.6525 0.10 34.09 0.0000 2,850 9.1 1.18
Kan-0927 13.3 20.625 1217 .04 47.98 .0000 1,000 9.4 2.83
Cla-0141 12.9 16.271 .6255 .07 2351 *6.7144 1,400 11.2 -.58
FAS509 13.0 16.913 6335 491 48.54 .0000 2,385 10.1 3
13.0 16.523 .6246 5.18 47.45 .0000 2,385 10.3 .0
LE412 19.3 13.598 .5085 INT 12.44 *8.7633 1,100 21.7 -3
193 13.344 .4987 INT 12.43 *8.5065 1,100 22.6 -4
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Appendix 1d. Dissolved gas and recharge temperature data for 8 wells sampled in unmined areas in the high-sulfur coal region.

[°C, degrees Celsius; mg/L, milligrams per liter; *, possible methane degradation of CFCs)

Field
water Recharge
Local temper- N, Ar 0, co, CH,4 Recharge temper- Excess air
identifier at:re (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) elevation ature (mg/L)
°C
°c) re)
Nic-0208 125 20.953 0.7389 0.03 32.31 *1.9742 3,000 53 2.83
S0124 14.7 20.465 .7068 .06 2.37 *1.0421 700 11.2 3.15
S0126 134 21.988 7236 9.03 51.25 .0003 1,120 11.6 5.09
134 22.294 7337 9.20 51.24 .0000 1,120 11.0 5.19
IN915 135 17.732 6434 3.61 17.75 .0000 1,564 11.8 1.19
Brx-0269 134 21.553 .7383 .15 23.12 .0022 1,400 8.7 3.76
CR727 15.1 22.306 7496 .15 31.93 .1026 1,485 8.7 4.6
15.1 22.061 7452 A5 26.63 .1097 1,485 8.7 4.3
AR108 12.8 26.568 .8278 .09 11.58 .0000 1,240 85 8.6
12.8 26.311 .8208 .09 11.29 .0000 1,240 8.8 8.4
WE315 12.0 19.857 .7103 10 41.44 .0000 1,120 9.0 2.0
12.0 19.712 7073 .65 4217 .0000 1,120 9.1 19




Appendix 2a. Chlorofluorocarbon data and apparent ground-water-recharge dates for 24 wells sampled in the low-sulfur coal region downgradient from reclaimed
surface coal mines.

[ft, feet; pg/kg, picograms per kilogram; pptv, parts per trillion per volume; <, less than date or age; >, greater than date or age. CFC sample collected for well Boo-0257; however, no data tabulated here due to
sample degredation and inconclusive results.]

Chlorofluorocarbon Chlorofluerocarbon Chloro-
Well L . .
depth concentration in water partial pressure fluoro- Estimated
Local (ft (pg/kg) (pptv) Recharge carbon age of
county Date Time temper- apparent ground
S below
identifier land ature CFC water
an CFC-11 CFC-12 CFC-113 CFC-11 CFC-12  CFC-113 recharge (years)
surface)
date
Sum-0105 06181998 1200 115 34.1 457 0.0 13.6 78.9 0.0 11.0 1965 33
12.7 425 0 51 735 0 110
112 58.9 2.6 45 101.8 25 11.0
Ral-0221 05271998 900 495 479.3 2279 60.1 236.4 479.2 72.1 14.7 1988 10
442.6 216.8 57.1 218.3 455.9 68.5 14.7
467.9 2255 59.4 230.8 4740 713 14.7
Fay-0274 05211998 1100 475 489.4 304.4 209.4 205.1 552.0 2105 12.0 1951 47
490.7 299.1 219.3 205.6 542.3 220.4 12.0
493.6 2934 227.6 206.8 531.9 228.7 12.0
Fay-0275 05121998 1100 21.25 684.3 324.1 101.9 247.0 515.2 86.8 9.0 1994 4
686.2 334.0 96.1 2477 530.9 81.9 9.0
686.9 3254 1014 248.0 517.1 86.4 9.0
Fay-0276 ~ 05081998 1300 102 209.6 122.7 122.2 87.7 222.6 1224 117 1974 24
190.5 118.0 129.5 79.7 214.1 129.8 117
193.4 112.8 114.3 80.9 204.7 114.6 117
Fay-0279 05261998 1400 30 .0 .0 .0 0 0 0 9.0 <1940 >58
0 0 0 0 0 0 9.0
25 18 0 9 29 0 9.0
Grb-0284 06161998 1100 112 14,684.4 110.3 30.0 4,708.5 158.2 224 6.4 1970 28
2,104.9 53.1 12.9 674.9 76.2 9.6 6.4

1,888.1 51.5 13.0 605.4 73.9 9.7 6.4
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Appendix 2a. Chlorofluorocarbon data and apparent ground-water-recharge dates for 24 wells sampled in the low-sulfur coal region downgradient from reclaimed
surface coal mines.—Continued

[ft, feet; pg/kg, picograms per kilogram; pptv, parts per trillion per volume; <, less than date or age; >, greater than date or age. CFC sample collected for well Boo-0257; however, no data tabulated here due to
sample degredation and inconclusive results.]

Chlorofluorocarbon Chlorofluorocarbon Chloro-
Well L . .
deoth concentration in water partial pressure fluoro- Estimated
Local (:: (pg/kg) (pptv) Recharge carbon age of
county Date Time temper- apparent ground
. e below
identifier land ature CFC water
an CFC-11 CFC-12 CFC-113 CFC-11 CFC-12 CFC-113 recharge (years)
surface)
date
Fay-0272 05131998 1200 225 39.1 374 104 13.9 58.6 8.7 8.7 1961 with 37
35.2 323 7.0 125 50.6 5.9 8.7 younger
37.0 36.1 8.2 13.1 56.6 6.9 8.7 water
Boo-0260 05151998 1000 73 14 3.8 .0 4 4.8 .0 51 1948 50
9 17 .0 3 22 .0 51
.0 .0 .0 .0 .0 51
Boo-0258 05061998 1000 64 333.9 176.5 61.2 124.4 287.7 54.2 10.1 1981 17
354.8 193.0 67.9 132.2 314.6 60.1 10.1
352.4 188.8 63.4 131.3 307.9 56.1 10.1
Fay-0270 05221998 1200 27 4.1 109.3 4.8 17 195.3 4.8 117 1974 24
154.1 266.7 17.2 63.5 476.6 17.0 11.7
4.9 114.4 51 20 204.4 51 11.7
Boo-0259 06231998 1000 105 3.6 29 .0 14 5.0 .0 11.0 1951 47
6.2 44 .0 24 75 .0 11.0
11.9 114 .0 47 194 .0 11.0
Boo-0256 05041998 1300 130 76.2 96.4 13.8 30.6 167.8 13.3 11.8 1972 26
69.7 101.0 155 28.0 175.8 14.9 118
67.9 102.2 13.8 27.3 177.9 13.3 11.8
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Appendix 2a. Chlorofluorocarbon data and apparent ground-water-recharge dates for 24 wells sampled in the low-sulfur coal region downgradient from reclaimed
surface coal mines.—Continued

[ft, feet; pg/kg, picograms per kilogram; pptv, parts per trillion per volume; <, less than date or age; >, greater than date or age. CFC sample collected for well Boo-0257; however, no data tabulated here due to
sample degredation and inconclusive results.]

Chlorofluorocarbon Chlorofluorocarbon Chloro-
Well .. . .
deoth concentration in water partial pressure fluoro- Estimated
Local (:: (pg/kg) (pptv) Recharge carbon age of
county Date Time temper- apparent ground
. ip below
identifier land ature CFC water
an CFC'11 ch-1Z CFC'113 ch-11 ch-12 ch-113 recharge (years)
surface)
date
Kan-0935 05051998 1100 100 130.9 86.0 134 50.1 143.4 12.2 10.7 1975 with 23
169.2 108.5 222 64.7 180.9 20.2 10.7  older water
183.8 116.0 20.6 70.3 193.4 18.7 10.7
Nic-0212 05191998 1400 255 268.2 194.2 74.1 95.7 304.6 62.5 9.3 1984 14
249.3 191.0 74.3 89.0 299.7 62.7 9.3
6,581.6 923.1 68.5 2,349.2 1,448.0 57.8 9.3
Nic-0209 07081998 900 50 4.2 95.2 .0 14 137.9 .0 7.6 1972 26
39 1225 .0 1.3 177.4 .0 7.6
2.6 120.2 .0 .8 174.1 .0 7.6
Nic-0213 05281998 1400 48.38 122.6 186.3 .0 45.9 305.5 .0 9.8 1978 20
12.1 149.2 .0 4.5 244.7 .0 9.8
32 175.5 .0 12 287.8 .0 9.8
Kan-0938 06221998 1000 105 2.7 .8 .0 11 14 .0 11.3 1950 48
184 2.6 .0 7.3 4.4 .0 11.3
6.4 1.9 .0 2.6 33 .0 11.3
Nic-0214 06031998 900 47.6 38.2 56.7 36.6 17.3 110.7 40.1 13.2 1951 47
6.9 2.0 29.2 31 39 31.9 13.2
6.1 2.3 30.0 2.8 4.4 329 13.2
Nic-0215 06021998 1200 375 .0 .0 .0 .0 .0 .0 11.0 <1940 >58
.0 .0 .0 .0 .0 .0 11.0
880.4 341.8 66.6 355.3 600.2 64.1 11.0
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Appendix 2a. Chlorofluorocarbon data and apparent ground-water-recharge dates for 24 wells sampled in the low-sulfur coal region downgradient from reclaimed
surface coal mines.—Continued

[ft, feet; pg/kg, picograms per kilogram; pptv, parts per trillion per volume; <, less than date or age; >, greater than date or age. CFC sample collected for well Boo-0257; however, no data tabulated here due to
sample degredation and inconclusive results.]

Chlorofluorocarbon Chlorofluorocarbon Chloro-
Well L . .
deoth concentration in water partial pressure fluoro- Estimated
Local (:: (pg/kg) (pptv) Recharge carbon age of
county Date Time temper- apparent ground
. e below
identifier land ature CFC water
an CFC-11 CFC-12 CFC-113 CFC-11 CFC-12 CFC-113 recharge (years)
surface)
date
Nic-0211 06101998 900 80 28.7 27.2 26 10.9 45.1 24 9.8 1961 with 37
26.0 225 2.7 9.8 37.3 24 9.8 younger
19.4 21.8 0 73 36.2 0 9.8 water
Nic-0219 06041998 900 57 4.4 32 .0 15 4.8 .0 75 1950 48
4.1 24 .0 14 36 .0 75
9.5 4.2 .0 32 6.3 .0 75
Nic-0217 06121998 1000 100 37.0 23.3 .0 134 371 .0 9.0 1961 37
36.7 24.8 2.3 13.3 39.5 20 9.0
414 22.1 .0 15.0 35.2 .0 9.0
Nic-0218 06171998 1100 90 2924 226.0 38.3 130.6 434.6 41.2 12.8 1986 12
2735 226.2 354 122.1 435.0 38.1 12.8
277.8 230.9 337 124.1 444.0 36.2 12.8
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Appendix 2b. Chlorofluorocarbon data and apparent ground-water-recharge dates for 30 wells sampled in the high-sulfur coal region downgradient from reclaimed
surface coal mines.

[pa/kg, picograms per kilogram; pptv, parts per trillion per volume]

Chlorofluorocarbon Chlorofluorocarbon Chloro-
Well .. . .
concentration in water partial pressure fluoro- Estimated
depth, (pa/kg) (pptv) Recharge carbon age of
Local county . in feet
R . Date Time temper- apparent ground
identifier below
land ature CFC water
a ch-11 ch-12 ch-1 13 ch-11 CFC'12 ch-113 recharge (years)
surface)
date
S0851 09171997 800 44 3.0 43 0.0 11 7.0 0.0 9.6 1951 46
A 33 .0 .0 5.3 .0 9.6
14 4.6 .0 5 75 .0 9.6
BT407 10161997 800 65 527.4 256.5 128.7 171.7 369.8 98.3 8.0 1984 13
534.8 260.0 119.2 174.1 374.8 91.1 8.0
555.9 254.3 111.3 180.9 366.6 85.1 8.0
JE422 08261997 800 60 40.1 12.9 .0 13.1 18.6 .0 8.0 1957 40
415 15.1 .0 135 21.8 .0 8.0
37.2 14.7 .0 121 21.2 .0 8.0
S0853 09161997 800 115 78.9 88.9 67.6 26.1 130.5 52.3 75 1966 with 31
69.7 79.1 18.1 23.0 116.1 14.0 7.5 younger
719 83.9 407 238 1232 315 75 water
BAO012 10081997 800 90 3.6 8,402.2 .0 13 13,256.9 .0 9.4 1953 a4
44 8,358.4 .0 16 13,187.9 .0 9.4
4.9 3,257.8 .0 1.8 5,140.1 .0 9.4
PR773 09241997 800 41 440.3 571.3 47.1 155.1 886.3 39.2 9.0 1982 15
442.2 5134 39.7 155.8 796.5 33.0 9.0
432.2 4825 45.6 152.3 748.6 37.9 9.0
CA457 09151997 800 100 592.6 290.4 103.3 197.9 429.8 81.0 79 1988 9
549.3 262.1 70.0 1834 387.9 54.8 79
603.5 311.0 75.7 201.5 460.4 59.3 7.9
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Appendix 2b. Chlorofluorocarbon data and apparent ground-water-recharge dates for 30 wells sampled in the high-sulfur coal region downgradient from reclaimed

surface coal mines.—Continued

[palkg, picograms per kilogram; pptv, parts per trillion per volume]

Chlorofluorocarbon Chlorofluorocarbon Chloro-
Well L . .
concentration in water partial pressure fluoro- Estimated
depth, (pa/kg) (pptv) Recharge carbon age of
Local county . in feet
R - Date Time temper- apparent ground
identifier below
land ature CFC water
an CFC-11 CFC-12 CFC-113 CFC-11 CFC-12 CFC-113 recharge (years)
surface)
date
WE313 08201997 800 135 0.0 0.0 0.0 0.0 0.0 0.0 85 1948 49
19 26 0 .6 38 0 85
S0852 08141997 800 70 .0 .0 .0 .0 .0 .0 9.8 1948 49
10.2 80.3 5.0 38 130.6 4.4 9.8
.0 .0 0 .0 0 .0 9.8
MN612 09231997 800 40.7 100.1 4433 0 40.6 778.4 0 12.0 1970 27
101.1 362.9 0 410 637.1 .0 12.0
110.7 373.0 .0 44.9 654.9 0 12.0
JE424 09101997 800 50 36 1,529.5 0 12 2,3384 .0 88 1952 45
.6 1,506.4 .0 2 2,303.1 .0 8.8
11 1,502.0 0 4 2,296.4 0 8.8
IN917 09031997 800 82 .0 .0 9.5 .0 .0 74 8.3 1945 52
0 .0 10.3 .0 0 8.0 83
.0 14 0 .0 20 .0 83
BT406 08191997 800 68 384.5 528.2 5.8 112.3 690.6 4.0 6.3 1973 24
346.7 4321 75 101.3 564.9 51 6.3
338.1 387.4 6.9 98.8 506.4 4.7 6.3
IN918 09021997 800 65 4.6 37 0 15 54 .0 82 1947 50
.0 .0 0 .0 0 0 82
2 .0 0 l 0 0 82
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Appendix 2b. Chlorofluorocarbon data and apparent ground-water-recharge dates for 30 wells sampled in the high-sulfur coal region downgradient from reclaimed

surface coal mines.—Continued

[palkg, picograms per kilogram; pptv, parts per trillion per volume]

Chlorofluorocarbon Chlorofluorocarbon Chloro-
Well N . .
concentration in water partial pressure fluoro- Estimated
depth, (pa/kg) (pptv) Recharge carbon age of
Local county . in feet
R - Date Time temper- apparent ground
identifier below
land ature CFC water
an CFC-11 CFC-12 CFC-113 CFC-11 CFC-12 CFC-113 recharge (years)
surface)
date
AR107 08271997 800 154 5,810.1 3,101.5 17.6 1,953.9 4,608.8 139 8.4 1977 20
4,915.1 6,354.5 18.8 1,953.0 9,442.9 14.9 8.4
5891.1 2902.3 16.9 1981.2 43129 134 8.4
WS973 09181997 800 98 109.0 67.2 .0 355 97.0 .0 8.1 1967 30
84.0 63.8 .0 27.4 92.1 .0 8.1
85.3 64.1 8.4 27.8 925 6.4 8.1
UP972 10201997 800 68 131.5 63.2 .0 48.9 102.7 .0 10.2 1971 with 26
137.4 72.4 0 51.1 117.7 0 10.2 older water
150.5 66.1 .0 56.0 107.4 .0 10.2
IN861 10011997 800 85 98.0 92.0 28.6 324 1345 222 8.0 1969 with 28
921 89.8 25.6 30.4 131.4 19.9 8.0 younger
154.3 90.5 19.2 51.0 132.4 14.9 8.0 water
BAO11 10211997 800 52 52.4 40.9 .0 195 66.5 .0 10.2 1966 31
75.4 55.1 .0 28.1 89.7 .0 10.2
81.2 56.5 343 230.2 92.0 30.3 10.2
WE311 09251997 800 220 510.6 284.8 75.4 166.7 411.9 57.8 8.0 1987 10
507.9 275.6 68.1 165.9 398.5 52.2 8.0
519.6 265.9 87.2 169.6 384.5 66.9 8.0
FA508 08211997 800 135 415.4 562.2 52.9 138.8 8313 415 8.2 1977 with 20
416.3 571.3 50.7 139.2 844.8 39.8 8.2 younger
404.1 551.0 435 135.1 814.8 34.2 8.2 water
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Appendix 2b. Chlorofluorocarbon data and apparent ground-water-recharge dates for 30 wells sampled in the high-sulfur coal region downgradient from reclaimed

surface coal mines.—Continued

[palkg, picograms per kilogram; pptv, parts per trillion per volume]

Chlorofluorocarbon Chlorofluorocarbon Chloro-
Well .. . .
concentration in water partial pressure fluoro- Estimated
depth, (pa/kg) (pptv) Recharge carbon age of
Local county . in feet
. - Date Time temper- apparent ground
identifier below
land ature CFC water
an CFC-11 CFC-12 CFC-113 CFC-11 CFC-12 CFC-113 recharge (years)
surface)
date
HR332 09301997 800 96 475 57.8 5.6 19.6 102.8 55 12.4 1963 with 34
6.0 365 0 25 64.9 0 124 older water
26.0 31.0 .0 10.7 55.2 .0 12.4
PR774 09291997 800 110 28.7 36.7 7.2 10.9 60.9 6.5 10.7 1967 30
30.7 394 3.2 11.7 65.4 2.9 10.7
36.6 54.5 8.3 13.9 90.3 75 10.7
AR106 08281997 800 55 2.7 .0 .0 9 .0 .0 9.0 1953 44
4.9 6.0 .0 17 9.0 .0 9.0
4.4 1.0 .0 15 15 .0 9.0
WE314 10021997 800 140 4.6 29.7 .0 1.6 44.9 .0 9.0 1962 35
4.0 27.1 .0 14 40.9 .0 9.0
4.4 275 .0 15 416 .0 9.0
LE411 10091997 800 85 339 220 6.8 13.2 37.2 6.4 11.3 1961 with 36
34.6 41.7 8.8 135 70.6 8.2 11.3 younger
17.6 10.3 11.7 6.9 17.4 10.9 11.3 water
WE312 08071997 800 150 154.2 116.9 6.3 51.6 172.6 49 85 1976 21
154.8 113.7 259 51.8 167.9 20.4 85
150.9 1222 24.2 50.5 180.5 19.0 85
VE058 09081997 800 63 43.6 549.4 304 14.9 827.7 24.5 8.7 1962 with 35
37.8 519.7 25.1 12.9 782.9 20.2 8.7 younger
415 570.1 28.1 14.2 858.8 22.6 8.7 water
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Appendix 2b. Chlorofluorocarbon data and apparent ground-water-recharge dates for 30 wells sampled in the high-sulfur coal region downgradient from reclaimed

surface coal mines.—Continued

[palkg, picograms per kilogram; pptv, parts per trillion per volume]

Chlorofluorocarbon Chlorofluorocarbon Chloro-
Well L . .
concentration in water partial pressure fluoro- Estimated
depth, (pa/kg) (pptv) Recharge carbon age of
Local county - in feet
R - Date Time temper- apparent ground
identifier below
land ature CFC water
an CFC-11 CFC-12 CFC-113 CFC-11 CFC-12 CFC-113 recharge (years)
surface) date
JE423 09111997 800 98 25 21.7 0.0 0.7 27.8 0.0 5.6 1954 42
24 20.0 0 7 25.7 0 5.6
25 218 0 279 .0 56
CR726 08251997 800 70 16 55 0 5 8.0 0 8.0 1950 47
15 51 0 5 74 .0 8.0
14 .0 .0 4 .0 .0 8.0
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Appendix 2c. Chlorofluorocarbon data and apparent ground-water-recharge dates for 5 wells sampled in unmined areas of the low-sulfur coal region.

[pa/kg, picograms per kilogram; pptv, parts per trillion per volume]

Well Chlorofluorocarbon Chlorofluorocarbon .
L . Estimated
depth, concentration in water partial pressure Chlorofluoro-
Local . Recharge age of
. in feet (pa/kg) (pptv) carbon
county Date Time temper- ground
S below apparent CFC
identifier land ature h d water
an CFC-11 CFC-12 CFC-113 CFC-11 CFC-12  CFC-113 recharge date (years)
surface
Ral-0220 05131997 900 226 8,417.8 269.5 59.2 3,063.7 4316 515 9.1 1986 11
8,426.5 260.1 51.0 3,066.9 4166 44.4 9.1
8,252.8 2355 47.3 3,003.7 3772 41.1 9.1
Kan-0927 05281997 1100 65 100.5 80.8 17.3 347 1227 14.4 9.4 1970 with 27
1141 915 20.8 39.5 1390 17.2 9.4 younger water
151.6 118.0 28.1 52.4 179.2 233 94
Cla-0141 05081997 1100 50 65.7 88.3 24.8 254 1486 23.2 112 1972 25
51.5 69.4 8.4 19.9 1167 7.9 112
FA509 07221998 800 200 238.2 487.1 343 88.2 788.0 30.2 10.2 1973 25
2445 4459 32.6 90.5 7214 28.6 10.2
240.2 485.0 327 88.9 784.6 28.7 10.2
LE412 08271998 800 112 274 208.5 40.9 10.8 356.1 384 113 Unknown Unknown
114 165.7 57.1 45 282.9 53.7 113
47.6 142.0 57.8 18.7 242.4 54.3 113
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Appendix 2d. Chlorofluorocarbon data and apparent ground-water-recharge dates for 9 wells sampled in unmined areas in the high-sulfur coal region.

[pa/kg, picograms per kilogram; pptv, parts per trillion per volume]

Chlorofluorocarbon Chlorofluorocarbon Chloro-
Well L . .
concentration in water partial pressure fluoro- Estimated
depth,
Local in feet (pa/kg) (pptv) Recharge carbon age of
county Date Time temper- apparent ground
. o below
identifier land ature CFC water
an CFC-11 CFC-12 CFC-113 CFC-11 CFC-12 CFC-113 recharge (years)
surface
date
Nic-0208 06161997 1100 208 7.9 14.9 0.0 22 191 0.0 53 1955 12
9.1 115 0 26 14.8 0 53
457 36.2 .0 13.0 46.6 .0 53
SO124 07111996 800 75 27 48,2550 .0 10 791121 .0 11.2 1947 50
.6 43,7374 .0 2 71,7058 .0 11.2
.7 45,188.7 .0 3 74,085.0 .0 11.2
S0126 07031996 800 114 2954 2534 59.4 115.6 429.9 56.4 11.6 1987 10
297.0 252.2 60.4 116.2 428.0 57.3 11.6
309.3 266.4 69.6 121.0 4521 66.1 11.6
IN915 08011996 800 95 339.8 201.6 475 136.6 351.0 46.4 118 1983 14
CA456 08201996 800 72 10 .0 .0 3 .0 .0 10.0 1947 50
7 23 0 2 36 0 10.0
12 18 43 4 2.8 37 10.0
Brx-0269 06101997 1100 0 17 4.9 .0 .6 7.3 .0 87 1950 a7
23 38 0 .8 57 .0 87
22 20 .0 7 3.0 .0 8.7
CR727 07161998 800 178 9.8 10.0 0 34 151 0 87 1954 44
7.6 121 .0 2.6 18.3 .0 8.7
94 6.9 .0 3.2 104 .0 8.7
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Appendix 2d. Chlorofluorocarbon data and apparent ground-water-recharge dates for 9 wells sampled in unmined areas in the high-sulfur coal region.—Continued

[pa/kg, picograms per kilogram; pptv, parts per trillion per volume]

Chlorofluorocarbon Chlorofluorocarbon Chloro-
Well L . .
concentration in water partial pressure fluoro- Estimated
depth,
Local in feet (pa/kg) (pptv) Recharge carbon age of
county Date Time temper- apparent ground
. o below
identifier land ature CFC water
an CFC-11 CFC-12 CFC-113 CFC-11 CFC-12 CFC-113 recharge (years)
surface
date
AR108 07291998 800 100 114 49 0.0 39 7.3 0.0 8.7 1952 46
13.7 10.6 0 4.6 15.9 0 87
10.0 6.2 .0 34 9.3 .0 8.7
WE315 09081998 800 30 478.6 292.1 43.0 166.6 447.3 35.3 9.1 1986 12
504.1 265.1 47.2 175.4 405.9 38.8 9.1
507.1 307.1 44.3 176.5 470.2 36.4 9.1
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Appendix3 55

Appendix 3. Site identification numbers, local well names, coal-sulfur-content region, land-use classification, topographic location, dis-
tance from mine, and well depth for wells sampled.

[NA, not applicable]

Coal sulfur Well
Site identification Local well com'ent Land-use Topographic fDlslan.ce .der th,
number name region classification location rommine, in feet
H = High infeet'  belowland

L=Low surface
390201080311301 LE411 H downgradient from mine Valley 197 85
390227080145801 UP972 H downgradient from mine Valley 492 68
390353079555601 BA012 H downgradient from mine Hillside 26 90
391103079582901 BAO11 H downgradient from mine Hillside 394 52
392458080165301 HR332 H downgradient from mine Valley 98 96

400434079235201
400455078532101
400846079485701
401053079590001
401225079361501

FA508
SO853
WE312
WS973
WE313

I T T T T

downgradient from mine
downgradient from mine
downgradient from mine
downgradient from mine
downgradient from mine

Hillside
Hillside
Hillside
Hillside
Hillside

394
951
394

98

135
115
150

98
135

404050079494001
404230078540901
404712078575501
405449079193901
405642079455601

385131080272501
395200079160101
395201079383601
400953079382101
401102079273801

BT406
IN861
IN918
AR107
BT407

LE412
SO124
FAS09
WE309
WE310

I T T T T

I T —r I T

downgradient from mine
downgradient from mine
downgradient from mine
downgradient from mine
downgradient from mine

in unmined area
in unmined area
in unmined area
in unmined area
in unmined area

Hillside
Valley
Hillside
Hillside
Valley

Hillside
Hilltop
Hilltop
Hillside

Hillside

98
492
197

98

98

32
135
65
154
65

112
75
200
55
250
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Appendix 3. Site identification numbers, local well names, coal-sulfur-content region, land-use classification, topographic location, dis-
tance from mine, and well depth for wells sampled.—Continued

[NA, not applicable]

Coal sulfur Well
Site identification Local well com'ent Land-use Topographic Dlslan.ce .depth,
number name region classification location from mine, in feet
H = High infeet'  belowland

L=Low surface
404108079273001 AR105 H in unmined area Hillside NA 110
404510079104101 IN913 H in unmined area Hillside NA 123
404924079155201 AR108 H in unmined area Hillside NA 100
410557078465901 CF320 H in unmined area Hillside NA 110
411335079375301 CR727 H in unmined area Hilltop NA 178

375914081121501
375915081132501
380106080432801
380131080591301
380153081341101

Fay-0278
Fay-0279
Grb-0284
Fay-0272
B0o-0260

rrr - -

downgradient from mine
downgradient from mine
downgradient from mine
downgradient from mine
downgradient from mine

Hillside 328
valley 1,476
Hillside 1,804
Hillside 295
valley 820

427

30
112
225

73

381048081504801
381125081304701
381513080584401
381539080560201
381656080543301

382307080381201
382340080481301
382434080401401
374645081030701
381639080380101

Boo-0257
Kan-0935
Nic-0212
Nic-0209
Nic-0213

Web-0238
Nic-0217
Nic-0218
Ral-0220
Nic-0206

r - -

r - - -

downgradient from mine
downgradient from mine
downgradient from mine
downgradient from mine
downgradient from mine

downgradient from mine
downgradient from mine
downgradient from mine
in unmined area
in unmined area

Valley 1,148
Hillside 1,312
Valley 492
Valley 328
Valley 984

Valley 230
Valley 492
Hillside 262
Hilltop NA

valley NA

120
100
255

48.4

26.5
100

226
115
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Appendix 3. Site identification numbers, local well names, coal-sulfur-content region, land-use classification, topographic location, dis-
tance from mine, and well depth for wells sampled.—Continued

[NA, not applicable]

Coal sulfur Well
Site identification Local well cont_ent Land-use Topographic Dlstal!ce fiepth,
number name regton classification location from mine, in feet
H = High infeet!  belowland

L=Low surface
383101080525401 Brx-0270 H in unmined area Hilltop NA 172
383405081022701 Cla-0142 H in unmined area Valley NA 46
384057080354101 Brx-0269 H in unmined area Valley NA 90

Iwells with distances from mine of zero were within the mi ne-boundary area and were assigned a value of zero when used in analysis.
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